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0. Summary 
 
 
According to the Theory of Magnitude (ATOM, by Walsh, 2003) time, space, 
and quantity are processed by a generalized magnitude system which is assumed to be 
located in the inferior parietal cortex. A strong connection between space and number 
has often been found (e.g., SNARC effect, Dehaene et al., 1993). Recently, a similar 
connection has been proposed for pitch discrimination (SMARC effect, lower/higher 
musical judgements, Rusconi et al., 2005). 
The aim of the current fMRI study was to investigate spatial encoding of pitch 
and number, and to examine whether convergent brain areas could be found within the 
intraparietal cortex. Adopting a parametric design, number words and tones were 
auditorily presented to participants, for which they had to make comparative 
judgements to a referent in memory (e.g., smaller/larger than 5 resp. lower/higher than 
C4). The degree of compatibility was influenced by response assignment (i.e. 
compatible: index finger for smaller, middle finger for larger; incompatible: reverse 
mapping). 
Behavioural (RT) data showed equivalent stimulus-response compatibility and 
distance effects for numbers and tones. The most interesting finding for the fMRI 
activation data was a shared inferior parietal activation for comparative judgements on 
number and pitch as revealed by a conjunction analysis.  
The findings are in support of ATOM, suggesting a common metric for 
magnitude coding in intraparietal cortex.  
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1. Introduction 
 
The variety of impressions enriches and variegates the texture of consciousness. 
One central question is, how the brain is able to perceive and process an infinitely 
richness of stimuli. The human capability of abstraction enables us to appreciate, realign 
and process completely different impressions and stimuli. Stimuli with a similar abstract 
basic-structure might be processed by converging functional mechanisms. The idea of 
transmodal association areas becomes imaginable. Mesulam described tertiary 
association areas, which integrate multiple unimodal and multimodal stimuli in primary 
and secondary areas (Mesulam, 1998). They might be capable to process and represent 
different types of stimuli. Distinct stimuli, which are characterized by similar abstract 
features or which require similar detection patterns.   
One approach to an abstract association system came from Walsh (Walsh, 2003). 
He postulated that time, space, and quantity are processed by a generalized magnitude 
system which is assumed to be located in the inferior parietal cortex. A strong 
connection between space and numbers has often been reported (e.g. SNARC effect) 
(Dehaene, Bossini, & Giraux, 1993). A similar connection between space and pitch has 
been proposed for pitch discrimination when carrying out higher/lower musical 
judgments (SMARC effect) (Rusconi, Kwan, Giordano, Umilta, & Butterworth, 2006). 
Moreover, a neural correlate of an abstract analogue representation of magnitude was 
found by Fias and colleagues. The inferior parietal sulcus was equally responsive to 
numbers and letters during comparison tasks. Fias postulated that the inferior parietal 
sulcus represents abstract processing of numerical and non-numerical ordinal series 
(Fias, Lammertyn, Caessens, & Orban, 2007).  
The aim of the current combined reaction time and fMRI study is to investigate 
the spatial encoding of pitch and number words, and to examine whether convergent 
brain areas can be identified within the intraparietal cortex. With other words, whether 
both number magnitude comparison and pitch comparison are processed by functional 
and anatomical converging processing areas. 
After a general overview of the theoretical background of number and tone 
processing, a detailed description of our study will be given, followed by the discussion. 
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2. Theoretical background 
 
2.1 Number processing 
 
2.1.1 Acalculia 
People who suffer from number deficits have specific difficulties dealing with 
numbers leading to extensive problems in daily life. Simple matters, such as coping 
with money or understanding dates can be almost impossible for people with lesions in 
brain regions specialized in the processing of magnitude. Cognitive impairments 
specifically involving the processing of numerical information such as counting or 
computing are generally described under the term acalculia (Henschen, 1919). As a 
result of distinct hemispheric lesions, e.g due to stroke or cerebrovascular haemorrhage, 
acalculia might occur. Depending on the location of lesion, particular deficits (different 
types of acalculia) can emerge. The exact breakdown into different types of number 
deficits has been investigated during the last 30 years. On the basis of variably impaired 
patients different observations have been made.  
One of the patients (NAU), examined in the modern cognitive phase of 
neuropsychology, suffered from a large left posterior hemispheric lesion (Dehaene & 
Cohen, 1991). Only some occipital, superior parietal and anterior temporal cortical 
regions remained intact. The patient suffered from alexia and speech comprehension and production 
deficits. Reading numbers was impaired as well, although he could use the reading-by-counting strategy. 
He could compute simple addition problems only approximately (2+2~5), and exact computing of 
addition, multiplication, and subtraction problems was impossible.  Furthermore, he was unable to judge 
if a number was odd or even, but digit identification and magnitude understanding was unaffected. He 
could understand magnitude relations of single and two-digit numbers very well and could approximately 
respond to “daily life” numerical knowledge questions (e.g. daytime, dealing with money using bank 
notes). The intact right hemisphere was assumed to be able to process the approximate 
magnitude of numbers, while exact computing (odd/even judgments and speech 
processing) seemed to need the mapping of the left (this time impaired) hemisphere 
(Dehaene & Cohen, 1991).   
Some years later, examinations on 49 patients suffering from different lesions 
observed verbal/digital dissociations (digital processing was tested with transcoding of 
Arabic to alphanumeric forms and digital operations; verbal processing was tested with 
oral comparison between numbers, mental calculation and backward counting) (Mayer 
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et al., 2003). Overall, patients with left hemispheric lesions showed poorer performance 
compared to patients with right hemispheric lesions. Verbal performance was better 
than digital performance in right impaired patients. Thus, left parietal lesions affected 
the verbal and digital code, while right parietal lesions only affected the digital code. 
Semantic representation disorders were tested by verbal number comparison (verbal 
code), positioning of an Arabic number on a scale (digital code), and comparison of 
number words (alphanumerical code). All three tasks were more impaired in patients 
with parietal lesions than in patients with non-parietal lesions, and left parietal more 
than right parietal lesions. This confirms the important role of the parietal cortex in 
semantic number processing. 
Delazer and colleagues tested a patient suffering from posterior cortical atrophy 
with bilateral parietal hypometabolism (accentuated on the right side). Automatic counting 
onwards and parity judgments were still possible. Difficulties appeared in tasks involving number 
comprehension and access to quantity. Although number comparison was intact, performance was worse 
when compared to a group of controls. Estimation tasks were severely impaired. In arithmetic addition 
and multiplication, less errors occurred than in subtraction and division. Together, the exact verbal 
system was intact, located in inferior frontal/superior temporal regions, while the 
quantity system, belonging to parietal regions, was impaired. Verbal numerals could be 
repeated exactly by the patient, but without automatic encoding of their numerical 
meaning or magnitude information (Delazer, Karner, Zamarian, Donnemiller, & Benke, 
2006).  
Several years earlier, a patient suffering from a destroyed half of the posterior 
corpus callosum showed impairments pointing towards the same functional brain 
organisation for number processing. When the patient was presented with Arabic numerals in the 
left visual field, reading aloud and arithmetic were impaired. In contrast, larger-smaller magnitude 
comparison was normal. During right-visual-field stimuli, the patient`s performance was essentially 
normal in reading aloud, arithmetic and number comparison. Thus, on one side both hemispheres 
were capable of identifying Arabic digits and to perceive number magnitudes. On the 
other side, verbal processes, necessary for counting and arithmetic computations were 
available only to the left hemisphere (Cohen & Dehaene, 1996). 
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2.1.2 Triple code model: number processing - distance, parity and 
notations 
Extensive investigations over years have led to proposals of number processing 
models. One of the most established models of number processing is the Triple Code 
Model, based initially on behavioural data (Dehaene, 1992). The model consists of three 
codes of mental number representation: the visual Arabic number form, as an internal 
visuo-spatial representation, in which numbers are represented as strings of digits; a 
verbal word form encoding word sequences corresponding to a given verbal numeral; 
the third form is the analogical magnitude representation, a code in which the 
semantics of a number is encoded and numbers are represented on a continuum (like on 
a mental number line). For instance, the magnitude of a number in relation to other 
smaller or larger numbers should be generated here. 
 
 
Figure 2.1 Schematic anatomical and functional picture of the triple-code model (Dehaene & Cohen, 
1997). 
 
 
As an extension of this model, Dehaene and colleagues designed a combined 
anatomical and functional model of number processing (Figure 2.1) (Dehaene & Cohen, 
1995; Dehaene & Cohen, 1997). Corresponding anatomical structures have been 
proposed for each essential constituent of the triple code model. Both hemispheres are 
involved in an analogical representation of numerical magnitudes being responsible for 
comparison procedures and approximate quantity estimations. The encoding anatomical 
area is located in the environment of the parieto-occipito-temporal junction of both 
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hemispheres. The visual number form is located bilaterally as well. Both hemispheres 
possess visual identification procedures with slightly different features. The left 
hemispheric visual number form region can encode single digits, multi digits, printed 
number words, the relative position of a numeral in a group of symbols and is 
anatomically located around a left occipito-temporal area. In corresponding regions of 
the right hemisphere, visual symbols (single digits, some multi digits and some words) 
can be recognized as well, even though the possible selection seems to be reduced 
especially for words. Verbal numerals (verbal word form) are represented unilaterally in 
the left inferior frontal, superior and middle temporal gyrus. They correspond to a 
sequence of words which make it possible to produce and identify spoken numerals.  In 
the left hemisphere all three forms are interconnected with each other. A direct 
exchange of numerical information (e.g. between verbal and visual codes without 
semantic magnitude representation) is possible. In the right hemisphere, only the link 
between visual and magnitude representation seems to exist. The only communication 
option between both hemispheres is via the corpus callosum. Visual and magnitude 
information can be exchanged on this route. There is no direct connection between the 
right hemispheric visual and left hemispheric verbal form (Dehaene et al., 1995).  
Dehaene and colleagues distinguish between a direct verbal and an indirect 
semantic route, explaining simple arithmetic processes. Simple addition and 
multiplication is processed by the direct verbal route, located in left parieto-temporo-
occipito regions. Operands like 4 + 3 are firstly transcoded into a verbal form (“four 
plus three”) and then completed as a word sequence from verbal memory. In this route 
no semantic processing is required. Complex addition, multiplication, simple 
subtraction and division require the indirect semantic route, bilaterally encoded in the 
inferior parietal cortex with connections to the left verbal system and arithmetic fact 
region. Therefore, complex numbers or calculations, which need arithmetical fact recall 
cannot be processed by the right hemisphere only. The cooperation of visual, spatial and 
verbal representations is required. The indirect route is always needed if verbal 
knowledge and memory is not available or if both, semantic elaboration and naming is 
required. Parity decision seems to be depending on Arabic representation, so that 
numerals are firstly transcoded into a common Arabic visual format before processing 
the parity information. Number bisection tasks seem to be encoded in bilateral 
 
Theoretical background                                                                                                  16 
 
 
 
magnitude representation regions as well as number comparison tasks, which need the 
semantic elaboration of the magnitude of a number (Dehaene et al., 1997). 
 
 
2.1.3 Distance effect 
The task of number comparison has been employed for several decades to 
investigate the underlying semantic processing of Arabic numbers. The distance effect 
is a robust finding: in a single-digit-number comparison task, response reaction time 
increases with the decrease of absolute difference between reference and target-number, 
following a logarithmic function (see Figure 2.2a/b) (Moyer & Landauer, 1967; 
Sekuler, Rubin, & Armstrong, 1971). Traditionally, the distance effect is interpreted as 
following: single digits are mentally aligned on a continuum (mental number line) and 
the comparison of  numbers is processed on an analogically  encoded representation 
(Dehaene, 2003; Gallistel & Gelman, 1992).   
 
 
Figure 2.2a/b Distance effect, reprinted from Brannon, E.M. and Terrace, H.S. (2002), (Feigenson L., 
Dehaene S. and Spelke E., 2004).  
 
  
Extending these findings, similar experiments were made with two-digit 
numbers. Hinrichs et al. (Hinrichs, Yurko, & Hu, 1981; Dehaene, Dupoux, & Mehler, 
1990) presented numbers to participants ranging from 11 to 99 to be compared with a 
reference of 55. Reaction time was faster while judging that 68 is larger than 55 as 
compared to judge that 61 is larger than 55.  The second digit showed significantly 
interference across all decades, known as the unit-digit effect. Thus, the authors 
presume a similar processing for two-digit numbers, where larger distances (68 vs. 55) 
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are responded to faster than smaller distances (61 vs. 55), again on the basic assumption 
of an internally encoded mental number line. Furthermore, it has been argued that two 
digit numbers are represented holistically and compared as integrated quantities 
(Hinrichs et al., 1981; Dehaene et al., 1990). The representation of integers from 1 to 99 
is an ordered number line on which every two-digit integer is holistically represented 
and has its own unique position (Brysbaert, 1995). 
Dehaene and coworkers replicated Hinrichs’ findings. They additionally tested 
the influence of linguistic verbal processing on number comparison tasks (reference 
standard of 65). No significant discontinuities in reaction time slopes, which would 
reflect a verbal effect, were found. But in a further experiment (reference standard of 
66), significant discontinuities at the decade boundaries of the standard (clearest at 69 to 
70, weaker at 59 to 60) were found. They concluded that the appearance and 
disappearance of discontinuities, induced simply by a small change of the reference 
standard, strengthens the assumption that discontinuities are an effect of the chosen 
standard and not of its magnitude. Therefore, they could provide arguments running 
counter to the findings of Hinrichs et al. (1981), which means that the presence of 
discontinuities is incompatible with a holistic-model. They rather stress the argument of 
holistic processing, where units and decades are initially combined into one magnitude 
code before comparison (Dehaene et al., 1990).  
Comparison of multi-digit integers produced a similar distance effect. Poltrock 
and colleagues demonstrated with 4-digit and 6-digit integers that mean reaction time 
increased linearly with the position of the leftmost pair of different digits, except for 
integers differing only in the last position. They concluded that comparison time does 
not depend on the number of locations at which the integers are different, but depends 
on the distance between the first pair of different digits (Poltrock & Schwartz, 1984).  
Some evidence against a strictly holistic model was found, indicating the 
presence of additional decomposition processes (Nuerk, Weger, & Willmes, 2001). 
Nuerk and coworkers tested two-digit numbers from 21 to 98 in a comparison task 
using number pairs that were either unit-decade compatible (both tens and units lead to 
the same comparison result [42_57, both 4 < 5 and 2 < 7]) or unit-decade incompatible 
(e.g. 47_62, 4 < 6 and 7 > 2). A large overall compatibility effect was observed. 
Compatible decades and units were responded to more accurately and faster than 
incompatible ones. A further study could show that the compatibility effect was not 
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depending on the stimulus design. The effect was again stable during diagonal 
presentation of stimuli pairs (Nuerk, Weger, & Willmes, 2004).  Additional tests could 
confirm that the unit-decade-compatibility effect persisted as well under language-
specific modulations (German vs. English), for Arabic numbers and (but slightly 
different) for number words (Nuerk, Weger, & Willmes, 2005). On the one hand, the 
observed compatibility effect for decades and units was in line with the theory of 
additional decomposition processes and contradicted the completely holistic-model. On 
the other hand, a regression analysis over all number pairs showed the logarithmic 
distance effect as strongest effect, which would again lead to the view of holistic-
number processing. Putting both observations together, Nuerk and colleagues proposed 
a hybrid model for two-digit numbers that integrates holistic and decomposed 
processes. In other words, the magnitude of two digit numbers might not only be 
encoded as semantic magnitude on a mental number line but also be encoded differently 
for units and decades, again showing quantity properties (Nuerk et al., 2001). Results 
supporting this prediction were also recently found for three-digit numbers (Korvorst & 
Damian, 2008). Significant compatibility effects were found (but somewhat differently) 
for decades and units, suggesting a sequential parsing mechanism of multi-digit 
numbers.   
Furthermore, a fully decomposed model has been put forward by Verguts and 
colleagues (Verguts & De Moor, 2005; Verguts, Fias, & Stevens, 2005). They propose 
the existence of a long-term-memory for single-digit comparison, which is directly 
connected to the mental number line. On the contrary, two-digit numbers are 
encountered too infrequently to be represented exactly and therefore are encoded as 
approximate quantities. Thus, two-digit numbers have to be decomposed, if an exact 
comparison is needed (higher error-rates are expected based on this frequency account).  
Additionally, the authors observed no distance effect for different-decade number pairs. 
This is in contrast with previously propagated hybrid and holistic models, which would 
predict an overall distance effect for units, same and different decade pairs.  
Coming back to the origin of the distance effect and the question at what point 
the ability to discriminate between two numbers develops, 6-month-old infants were 
investigated in a dot-habituation task. They were presented to 8 dot and 16 dot displays 
(Exp. 1) and following 8 dot and 12 dot displays (Exp.2). Taken together the results 
indicated that 6-month old children are able to discriminate between large numerosity-
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sets when the difference between the sets is large (8 and 16), but not for reduced 
differences (8 and 12) (Xu & Spelke, 2000). 
Further investigations with children from grade 2 to 5 shed some new light on 
the development of the distance effect (Nuerk, Kaufmann, Zoppoth, & Willmes, 2004).  
Two-digit-number pairs were presented to participants and they were asked to judge 
which of both numbers is larger (pressing with the right index finger [top key] if the top 
number was larger and with the left index finger [bottom key] if the number below was 
larger). The overall compatibility effect increased linearly with grade, but was mainly 
driven by a linear increase of the compatibility effect for large unit distances. In more 
detail, second graders showed an inverse compatibility effect for small decade distances 
(difficult trials), suggesting that they processed decade digits sequentially. The third and 
fourth graders showed no main compatibility effect. Small unit distances still resulted in 
negative compatibility effects, whereas large unit distances showed a regular 
compatibility effect, indicating that the processing is mixed sequential and parallel. 
Only fifth graders showed a regular compatibility effect in all conditions, indicating that 
they process units and decades separately but in a completely parallel fashion. In sum, 
the results advocated the hypothesis of sequential-to-parallel processing. Both, decade 
and unit digits might be represented naturally, but the way children accessed this 
representation appears to change with age. 
Finally, most of the studies investigating semantic number processing and the 
distance effect, are based on behavioural experimental data. A further challenge will be 
the extension of these data to functional imaging studies, in order to be able to relate 
processing models to functional brain activations. One step to elaborate this problem 
was made by Wood and colleagues. They tested two-digit numbers in a comparison 
task. A conjunction analysis of decade and unit compatibility revealed activations in the 
right intraparietal sulcus. Additionally activations in the left intraparietal sulcus and 
right posterior cingulate and ventrolateral prefrontal areas for decade distance 
processing were found, whereas for unit distance processing activations in left 
extrastriate cortex were observed (Wood, Nuerk, & Willmes, 2006b). Thus, the findings 
pointed towards a complex pattern of separated and coinciding functional areas during 
two-digit number comparison tasks.  
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2.1.4 SNARC effect 
Dehaene and colleagues (Dehaene et al., 1993) were the first to describe the 
Spatial Numerical Association of Response Codes (SNARC). They asked participants to 
judge the parity of numbers ranging from 0 to 9. The results indicated that smaller 
numbers were automatically associated with left responses and larger numbers were 
associated with right responses (Exp 1, p.374, see also Figure 2.3). The assumption of a 
strong connection between numbers and space provided an explanation for the 
automatic activation of a magnitude representation (for Arabic notation), along a left-to-
right orientated mental number line. 
 
 
Figure 2.3 SNARC effect (Hubbard E.M., Piazza M., Pinel P. and Dehaene S., 2005). 
 
 
 The SNARC effect has been observed in children from third grade on. Children 
from the grades of 2 to 8 were asked to judge the parity of numbers from 0 to 9. A 
general downward trend of reaction time differences between right- and left-side 
responses was found with increasing magnitude from third grade on (Berch, Foley, Hill, 
& Ryan, 1999).  
Furthermore, in the SNARC paradigm, parity decision times are also dependent 
on participants’ familiarity with numerical information: participants with a scientific 
training-background are faster in detecting parity compared to participants with a more 
literary training-background (Dehaene et al., 1993). The SNARC effect is not 
influenced by the perceptual characteristics of the number, such as absolute numerical 
magnitude or visual appearance, but instead is modulated by the relative magnitude of a 
number within the range tested. Relatively small numbers such as 0 and 1 within a 
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range of 0 to 5 or alternatively numbers such as 4 and 5 in a range of 4 to 9 are 
associated with the left response hand whereas relatively large numbers are 
automatically associated with the right response hand (Exp. 3, p. 380). 
Regarding the matter of handedness, the SNARC effect has been replicated for 
participants with left-hand dominance (Exp. 5, p. 383) and also when the response 
hands were crossed (Exp. 6, p.383) (Dehaene et al., 1993). The SNARC effect does not 
interfere with a particular hand of response, which leads to the conclusion that the 
association of number magnitude and left-right coordinates is processed at a later, more 
abstract level.  In contrast to Dehaene’s findings, Wood and colleagues failed to 
replicate the SNARC effect with crossed hands with different input modalities (Arabic 
numbers, number words, auditory number words, dice pattern) in a parity judgment 
task. With crossed hands, representational and hand-based associations interfered, 
which indicates that the SNARC effect is not a completely hand-independent spatial 
representation of numbers, but it can also be influenced by hand-based factors (Wood, 
Nuerk, & Willmes, 2006a). The absence of spatial numerical associations might be due 
to interindividual strategic differences, influenced by the actual task-context and the 
instruction of a task. This leads to the impression that the SNARC effect is not 
obligatorily a reflection of one unique spatial code (Fischer, 2006). 
Moreover, the SNARC effect is not influenced by surface notation when 
investigated with normal and mirror-image verbal numerals (Exp. 8, p. 389, Dehaene et 
al., 1993). However, the SNARC effect is dependent on input notation with reaction 
times being somewhat slower for verbal numerals compared to Arabic numerals. In a 
last, almost similar experiment, the SNARC effect could be replicated for Arabic 
notation but not for verbal notation, whereas parity processing was unaffected by 
number notation. From this, Dehaene et al. (1993) inferred that both, verbal and Arabic 
numerals have to be transcoded into a base-ten representation of magnitude first and 
thereafter be classified as odd or even. Regarding the presence or absence of the 
SNARC effect for different numerical notations, they concluded that the representation 
of number magnitude is automatically activated only for Arabic targets. 
 Interestingly, no SNARC effect was observed by Dehaene et al. (1993) when 
letters instead of numbers were used, leading to the tentative conclusion that the 
SNARC effect is of strict numerical origin (Exp. 4, p.391). Several years later, Gevers 
and colleagues investigated, whether non-numerical ordinal information is spatially 
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encoded or not. They used months of the year and letters from the alphabet as stimuli 
and a task, in which ordinal position had to be determined with respect to a reference 
position in the sequence. In contrast to the original findings of Dehaene et al. (1993), 
the authors observed a significant left-to-right response mapping effect for both, months 
and letters. They concluded that the mental representation of ordinal sequences is 
spatially represented as well and can be automatically recalled (Gevers, Reynvoet, & 
Fias, 2003).   
 In addition, examining whether writing direction influences the automatic 
association of response codes with number magnitude, the SNARC effect was examined 
in Iranian participants, who have a right-to-left writing tradition. An inverted SNARC 
effect was found (Exp. 7, p. 384) (Dehaene et al., 1993). However, in Iranians, who had 
learned a second western language (e.g., French) early in life, the inverted SNARC 
effect was much reduced or even absent. Following up on these findings, Ristic and 
colleagues found an inverted mental number line even when testing participants from a 
left-to-right writing culture. They did an attention task with left to right targets around a 
centered digit. The naive participants were instructed to imagine a mental number line 
with large numbers on the left and small numbers on the right (Exp. 2, p. 7). They 
argued, that spatial representation of numerical magnitude is flexible and appears to 
depend on the spatial mental set, which is currently held in mind by the participant 
(Ristic, Wright, & Kingstone, 2006).  
Moreover, they found that in an attention task with left-right-top-bottom targets 
around a centred digit, there was no left-to-right-mental number line-effect with 
concurrent presence of top-bottom target locations. Interestingly, when participants 
were instructed to imagine the digits on a clock face, attention was allocated to a spatial 
position congruent with the clock face. For instance, reaction times were shortest when 
the digit was 12 for a target on the top and for a target on the bottom when the digit was 
6 and so on (Exp. 3, p. 9). Years before, different participants had been asked to 
imagine a clock face, while doing a number comparison task with single digits from 1 to 
11 without 6 (Bachtold, Baumuller, & Brugger, 1998). They had to judge whether a 
number is "earlier" or "later" then 6. Although reaction times were slower for the 
CLOCK-task compared to the RULER task (with the only difference that they had to 
imagine a number scale instead of a clock face), they found a reverse SNARC effect for 
the CLOCK-task. Smaller numbers were faster responded to with the right hand and 
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vice versa. Indicating, that the observed SRC-effect depends on what side of 
representational space a given number is associated with, rather than on its magnitude 
only. Secondly, regarding the longer reaction times, the CLOCK-task seems to be more 
difficult. The left/right reversal might interfere with the automatic activation of 
magnitude representation of Arabic digits, mirrored further in a significant distance 
effect in the CLOCK-task. But, nonetheless, these findings support an important role in 
associating numbers with spatial representation.     
There is also some evidence for a vertical SNARC effect. Schwarz and 
colleagues tested the horizontal and vertical saccadic SNARC effect in a parity task 
with varying magnitude. Participants had to indicate the parity of a digit with a left vs. 
right or up vs. down saccade. For both orientations of the response axis, the saccadic 
SNARC effect seemed to be present (Schwarz & Keus, 2004). Further evidence for a 
vertical SNARC effect was found, examining numbers from 1 to 9 in a parity task. The 
results indicated that large numbers are rather associated with the top response button 
and small numbers are automatically associated with the lower response button (Ito & 
Hatta, 2004). Regarding the results of the analysis of variance, they could not support 
the argument of Dehaene (the SNARC effect depends on the quantitative representation 
of numbers). Response reaction times increased with increasing magnitude, which 
suggested that participants used a serial search strategy for odd/even number sequences. 
Therfore, they proposed that the SNARC effect is due to the ordinal information of the 
odd/even number sequences rather than to quantitative information of the number (Ito et 
al., 2004). 
 Recently, interhemispheric differences for number processing and different input 
modalities were found in an fMRI study, which could qualify Dehaene’s SNARC 
findings (Cohen, Cohen, Kaas, Henik, & Goebel, 2007). Participant had to pay attention 
to same-quantity events and different-quantity events, including a first and a second 
stimulus, with either both Arabic numerals, number words or mixed formats. They 
expected an adaptation effect and therefore lower signals for the same-quantity-events and higher signals 
for the different-quantity-events. Under the assumption of an abstract representation of numerical 
quantity, the adaptation effect should be unaffected by notational changes. Arabic numerals, number 
words and mixed formats activated the left intraparietal lobule (IPL) during quantity 
adaptation. In the right IPL, notation and quantity interacted significantly, indicating 
that the right IPL is notation dependent: the right IPL only adapted to quantity when 
magnitude was presented in Arabic digit format. Thus, the left IPL seemed to be 
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notation independent, since the authors did not find a significant interaction between 
notation and quantity adaptation. The left IPL is possibly involved in an abstract 
representation of quantity, independent of notation, perhaps supported by additional left 
frontal areas and language related regions of the brain.   
A different way to investigate at what stage of processing (perceptual, 
representational, response selection, response preparation or execution stage) the 
SNARC effect occurs, has been the measurement of event-related potentials, e.g. 
response-locked or stimulus locked ERP`s during experimental trials. Keus and 
colleagues found a significant SNARC effect to be strongest at a late response-selection 
stage, using a classical parity judgment task design. To differentiate in more detail, 
whether the SNARC effect begins at a response preparation, executing or selection 
stage, response-locked lateralized readiness potentials (LRP), reflecting the response 
preparation stage, were analysed based on a congruent/incongruent categorization. 
Congruent and incongruent trials were mostly identical, indicating that the SNARC 
effect does not occur at the response preparation stage. They concluded, that the 
SNARC effect emerges at a prior stage to the preparation stage (among their ERP-
results, response preparation started 200 ms before response execution but the SNARC 
effect started 380 ms before response execution and therefore much earlier compared to 
the response preparation stage) (Keus, Jenks, & Schwarz, 2005).    
Most of the SNARC investigating studies are using visual tasks. But there are 
some hints for the existence of an auditory SNARC effect. Trying to find out whether 
the SNARC effect is or is not notation or modality specific, Nuerk and colleagues 
confirmed a significant SNARC effect independent of whether the input modality was 
auditory (number words) or visual (Arabic numbers, number words, dice patterns) 
(Nuerk, Wood, & Willmes, 2005). Even though it was not the main question to 
investigate whether auditory or visual presenting of stimuli makes a difference for 
quantity processing in the intra-parietal lobule, Piazza and colleagues could show that 
for the semantic-level-representation of magnitude, the usage of different stimuli-
modalities (auditory or visual) makes no difference. The parietal cortex was activated 
during auditory and visual stimulus representation (Piazza, Pinel, Le Bihan, & Dehaene, 
2007). 
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2.1.5 Number comparison and fMRI 
For several years, the method of functional cognitive neuroimaging has provided 
more and more information about the functioning of the human brain. More specific 
mapping of brain-behaviour relationships has become possible. Spatially fine-grained 
functional magnetic resonance imaging (fMRI) studies have allowed us to decipher the 
neuroanatomy involved in number processing in greater detail. So far, the human 
parietal cortex, and more specifically the intraparietal sulcus (IPS) has been established 
as the major site which is manditorily involved in semantic processing of numerical 
information. Furthermore, it has become evident that a broad network of interconnected 
and overlapping areas in the brain is involved when carrying out number tasks (Pinel, 
Dehaene, Riviere, & LeBihan, 2001; Le Clec'H et al., 2000). For instance, during 
elaborate calculation, a network of parietal, frontal, temporal and occipital brain areas 
has been found. Reviewing recent fMRI investigations in a meta-analysis on number 
processing, Dehaene and colleagues proposed three neuroanatomical parietal circuits 
(see Figure 2.4) on the basis of their triple code model: first a bilateral intraparietal 
system functioning as a core quantity system, second a region of the left angular gyrus 
associated with verbal processing of numbers and third a posterior superior parietal 
system for spatial and nonspatial attention (Dehaene, Piazza, Pinel, & Cohen, 2003). 
They revoked their initial proposal of a solely spezific number quantity system during 
parietal activations and pointed out associations with language and visual attention 
processing.  
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Figure 2.4 Three-dimensional representations of the parietal regions of interest. The clusters show all 
parietal voxels activated in at least 40% of studies in a given group (Dehaene S., Piazza M., Pinel P., 
Cohen L., 2003).  
 
 
The next section will demonstrate which regions are active in particular for 
number comparison tasks, when participants compare the magnitude of two single 
digits. All following studies are summarized in a schedule of activations (see below).  
The bilateral intraparietal sulcus (IPS) and the inferior parietal lobule (IPL) have 
been identified in most neuroimaging studies investigating the number comparison 
process. Nevertheless, the results were somewhat controversial. For instance, Chochon 
et al. (Chochon, Cohen, van De Moortele, & Dehaene, 1999) investigated number 
processing (digits ranging from 1 to 9, excluding 5) for naming, comparison, 
multiplication and subtraction tasks (see 1. in table 2.1). During number comparison, 
participants had to compare the digits to a reference standard (5) held in mind. They 
observed a network of bilateral parietal, frontal, and anterior cingulate activations 
during number comparison, subtraction and multiplication (more left dominated), but 
not for digit naming (only right IPL). These results lead to the assumption that the 
above network is active only for number comparison or manipulating tasks and not for 
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simple naming tasks. Number comparison resulted in slightly stronger right hemispheric 
parietal and postcentral activations. 
Findings of Dehaene and colleagues contrasted to the above claimed dominance 
of the right hemisphere (see 2. in table 2.1). They tested participants within a number 
comparison and multiplication task. Numbers from 1 to 9 were presented as pairs, for 
which the larger had to be named mentally. They revealed activations in the left inferior 
parietal gyrus, bilateral lateral occipital, bilateral precentral and in supplementary motor 
areas. The pattern, as well as the left parietal dominance, persisted for the comparison 
task only (without multiplication) (Dehaene et al., 1996). Extending these observations, 
Pesenti and colleagues (Pesenti, Thioux, Seron, & De Volder, 2000) carried out a 
number comparison and simple addition task. Numbers from 1 to 9 were presented as 
triplets (see 3. in table 2.1). In the comparison task participants had to judge if the third 
number was numerically larger than the larger of the two other numbers. For a detailed 
look at specific activations for number comparison or simple number recognition, 
separated contrasts were analysed. The contrast comparison > control (masked with 
comparison vs. rest) revealed predominantly left intraparietal and inferior parietal areas 
and, to a lesser extend, right superior parietal activations and middle frontal activations 
(BA6). The contrasts number > control or number > comparison activated only right 
parietal regions. Taken together, the findings support the thesis that the representation 
of semantic magnitude of numbers is subserved in the left hemisphere in a parieto-
frontal network. Simple number recognition and representation is processed more in a 
parieto-occipital network.   
Furthermore, some researchers investigated whether number magnitude specific 
regions exist or whether a task-independent abstract magnitude system exists. Le 
Clec´H advised participants to compare body parts, as well as unit and two-digit number 
words to a fixed reference standard of 12 (see 4. in table 2.1). Stimuli were presented in 
either visual or auditory modalities, as well as either in English or in French. Excluding 
modality and language specific effects, an extended pattern of common areas in the left 
parietal lobe, intraparietal sulcus, posterior intraparietal lobule and right parietal lobe for 
number words and body parts was found. This findings confirmed the existence of an 
enlarged and complex bilateral system, recruitable by both, body parts and number 
words (Le Clec'H et al., 2000).  
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Pinel and colleagues wanted to determine the overlap of number, size and 
luminance during comparative judgements (see 5. in table 2.1). They could illustrate 
that the left parietal cortex may play a special role for convergent processing of different 
modalities. In the experiment, participants had to compare stimulus pairs (1, 2, 3, 7, 8, 
9) according to either their magnitude, physical size, or their luminance. The individual 
analysis of the distance effect of each separate task showed bilateral anterior intraparietal and left 
precentral activations for number comparison. Size distance activated more posterior regions of the 
intraparietal sulcus, bilateral precentral and inferior temporal regions. Luminance distance showed 
activations in complete posterior regions of the intraparietal sulcus, bilateral precentral, inferior temporal 
and anterior cingulate regions. They also tested interferences among all dimensions and the compatibility 
effect. Both observed that number and size dimensions overlapped in the left anterior horizontal 
intraparietal sulcus (HIPS) and premotor regions. Size and luminance, both activated the posterior region 
of intraparietal sulcus (for incompatible trials: additional precentral areas, no IPS), but no overlap 
between number and luminance was found. Taken together, they claimed that size and 
luminance were both processed in a ventral-visual stream with overlapping perceptual 
regions connected to precentral-decision areas. Number and size had converging 
perceptual representations in the parietal cortex, especially in the left anterior parietal 
cortex. They concluded that along the intraparietal sulcus, from posterior to anterior 
regions, different centres for different dimensions/modalities might exist with distinct 
overlapping areas (Pinel, Piazza, Le Bihan, & Dehaene, 2004).  
Moreover, in a very similar experiment with a comparison task of numbers (1-
8), luminance and size similar results were found by Cohen and colleagues (see 6. in 
table 2.1). The overall pattern revealed activations in frontal, parietal and 
occipitotemporal areas, predicting that the network is responsible not only for numbers 
but also for different modalities. In a second analysis, they computed direct contrasts 
between the tasks to show which activations prevailed for each single task. Number 
comparison showed significant activations similar to the first analysis, with a 
predominance of the left intraparietal sulcus (Cohen et al., 2005). 
Corroborating the assumption of a left dominant specification for number 
magnitude representation, two years earlier, an interesting discovery of left parietal 
organisation was made with a comparison task on numbers (30 to 70), angles and lines 
(see 7. in table 2.1). A first conjunction analysis between the three comparison tasks 
showed predominantly left intraparietal activations for all three types of stimuli. Fias 
and colleagues claimed that the region identified functions as a modality independent 
abstract magnitude representation. In addition, an interaction analysis revealed a left 
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intraparietal region slightly more anterior to the above findings, activated during all 
conditions. They assumed that this region is additively required during comparison 
tasks (Fias, Lammertyn, Reynvoet, Dupont, & Orban, 2003). 
Finally, a particular glance at the distance effect revealed further conflicting 
activations. Pinel and colleagues computed a two-digit number comparison task with a 
fixed reference of 56 and two different types of notation (verbal/Arabic) (see 8. in table 
2.1). The distance effect resulted in larger activations in the right intraparietal, bilateral 
precuneus, left middle temporal gyrus and posterior cingulate. All areas were active for 
both notations and smaller numerical distances were connected with higher activation 
BOLD signals. This pattern of activations again suggested a common magnitude 
processing area, which was (on one side) independent of number notation. On the other 
side it seemed to be associated with the right parietal cortex (Pinel et al., 2001).  A 
similar right hemispheric dominance was found in a two-digit-number comparison task 
(see 9. in table 2.1). A conjunction analysis of decade and unit compatibility revealed 
activations in the right intraparietal sulcus (Wood et al., 2006b).  
In contrast to these findings, Göbel and colleagues found left dominated 
activations (see 10. in table 2.1). They wanted to disentangle what activations were 
number-comparison specific. Therefore, they did a comparison task with single and 
two-digit numbers (fixed references standards of 5 for single digits and 65 for two-digit 
numbers). A significantly interacting distance effect with hemisphere, site, size and 
judgment type was found in the left posterior intraparietal sulcus, with increasing 
signal-change for increasing distance (Gobel, Johansen-Berg, Behrens, & Rushworth, 
2004). 
Moreover, Cohen and colleagues (this time examining the distance effect) could 
confirm left posterior intraparietal activations for each task (number, size and 
luminance). Therefore, they interpreted this area to be functioning as a general 
magnitude system, processing different task modalities (Cohen et al., 2005).  With that 
view, they supported the prediction of Walsh (2003). He proposed the existence of a 
common magnitude metrics for the perception of time, magnitude/quantity processing 
and space perception in the parietal cortex. Different qualities (like size or luminance) 
and modalities (such as numbers or tones) showed partly converging processes during 
their individual mapping. He addressed an associative role to the parietal cortex, where 
convergence may take place (Walsh, 2003).  
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Table 2.1 Brain activations in comparison (numbers) 
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2.2 Tone processing 
                                                            
2.2.1 Music processing 
Traditionally, music and speech processing are assumed to be encoded 
independently in the brain (Zatorre, Belin, & Penhune, 2002; Peretz & Coltheart, 2003; 
Peretz & Zatorre, 2005; Peretz, 2006). The fact that music can be produced by every 
instrument capable of generating sounds (including the voice), but that speech is only 
producable by a single `instrument` (the voice), has led to the assumption that both must 
refer to separate encoding fields (Zatorre et al., 2002). Data of patient specific 
impairments and loss of musical abilities point towards the existence of an individual 
module for music processing. Brain-damaged patients can report about the selective loss 
of the ability to sing a well known song, whereas they are still able to recite lyrics and 
speak with normal prosody (Yaqub, Gascon, Al-Nosha, & Whitaker, 1988; Peretz et al., 
1994; Griffiths et al., 1997). Reversely, cases of patients are reported in the literature, 
who are still able to sing a familiar song or to sing pitch intervals, but are no longer able 
to produce lyrics in both speaking and singing (Hebert, Racette, Gagnon, & Peretz, 
2003; Peretz, Gagnon, Hebert, & Macoir, 2004; Mendez, 2001).  
Moreover, people suffering from congenital amusia (a developmental disorder) 
show a similar pattern. This disorder seems to be highly specific to the musical domain. 
For instance, participants with congenital amusia poorly recognize and barely memorize 
musical phrases, but can identify familiar songs when hearing the lyrics. The origin of 
congenital amusia is proposed to be related to the selective deficiency of pitch 
recognition. Accordingly, an impaired pitch perception system may compromise music 
perception but retain other aspects, such as speech intonation and lyric recognition 
(Ayotte, Peretz, & Hyde, 2002). The view that time (temporal)- and pitch (melodic)-
based processing of music is encoded in a functionally independent way, is based on 
reports of impaired patients. Brain-damage can selectively interfere with pitch 
discrimination, while the ability to interpret rhythms is still preserved (Liegeois-
Chauvel, Peretz, Babai, Laguitton, & Chauvel, 1998; Peretz, 1990; Peretz, 1993; 
Piccirilli, Sciarma, & Luzzi, 2000; Vignolo, 2003). On the other hand, rhythm-
perception can be impaired, while pitch recognition is unaffected (Di Pietro, Laganaro, 
Leemann, & Schnider, 2004; Peretz, 1990). 
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According to the above findings, a model, in which musical input has access to a 
music-specific and an acoustic-to-phonological conversation code in parallel to the 
speech processing system, has been postulated by Peretz et al. (2003). Acoustic 
information will be received by both auditory processing streams. But only the specific 
module, which is specialised for the incoming information (either music or speech), will 
selectively respond. For the music code, a distinction in music processing is made 
between a pitch organisational part and a temporal part, accessed in parallel. The pitch 
part represents melodic contour, pitch and intervals. The temporal part represents 
rhythm and periodicity analysis. Further on, both encoding streams have access to a 
musical lexicon and an emotion expression region in parallel. Peretz and colleagues 
assumed that the musical lexicon is connected to a phonological lexicon. A lexicon, 
which stores e.g. lyrics and can be connected to a vocal plan formation for active 
singing or tapping (Peretz et al., 2003). 
Koelsch et al. (Koelsch & Siebel, 2005) recently presented a more general music 
processing model, extending previous models with ERP data, in order to understand the 
time course of acoustic event activity in greater depth. They added brain imaging data to 
find corresponding anatomical structures and to create an anatomical functional model. 
Additionally, they integrated observations from the autonomic nerve system and 
immune system influenced by music. Different stages of music processing were 
formulated, involving acoustic analysis, auditory memory, auditory scene analysis and 
the encoding of musical syntax and semantics (see Figure 2.5).  
 
 
Figure 2.5 Neurocognitive model of music perception, Kölsch & Siebel (2005). 
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As explained before, acoustic information is translated into neural activity in the 
cochlea and then further transferred into the brainstem, particular to the superior olivary 
complex and inferior colliculus (see Figure 2.6). They describe properties like pitch, 
timbre, roughness, intensity, and interaural disparities which are activated at these early 
stages (functioning as a fast-danger-warning system). The thalamus connects the 
brainstem with the primary auditory cortex and has itself direct connections to the 
amygdala and the medial orbitofrontal cortex. The latter structures are involved in 
emotional processes and behaviour. In primary and adjacent secondary auditory fields, 
more fine-grained features about current acoustic information (like pitch height, pitch 
chroma, timbre, intensity, and roughness) are subsequently processed. Furthermore, 
after extracting the basic sound features, the sound pattern enters the auditory sensory 
memory, which includes stored knowledge about pitch, melody, grouping of essential 
sounds and spatial attention. It is assumed that the auditory sensory memory is located 
in the close environment of the primary auditory cortex, inferior frontolateral cortex 
(BA 44 and 45) and the inferior prefrontal cortex near the inferior frontal sulcus. 
Parallel to the auditory sensory memory, a further module is active, which is responsible 
for melodic, rhythmic, timbral, spatial grouping and configuration. This module follows 
principles such as similarity, proximity and continuity, in the area of the posterior part 
of the right superior temporal gyrus. Connected to the latter stage, a particular region for 
detailed analysis of intervals exists, with a more specialised encoding of pitch within a 
melody or chord and temporal intervals. Detailed interval information encoding is 
thought to be located bilaterally in the posterior and anterior part of the supratemporal 
cortex, while processing of pitch differences and sound sequences merely belongs to the 
planum temporale. Human beings are able to integrate all the described elements, such 
as tones, intervals, chords and rhythm into a harmonic context. This contextual semantic 
processing belongs to a kind of phrase-structure grammar, which seems to be available 
only to humans. It will be activated automatically while listening to sounds. This 
syntactic code is important for conveying meaning and emotion in music. It is 
automatically linked to auditory sensory memory, working memory, and long term 
memory. The working and long-term memory contains lexical-semantic knowledge 
about syntactic regularities, assumed to be located in the left middle temporal gyrus and 
a musical lexicon involving knowledge about timbre, phrases and melodies, found in 
left anterior temporal areas. The working memory for pitch is assumed to be located in 
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the inferior frontal gyrus (BA 44, 45), premotor cortex (BA 6), as well as in inferior and 
superior parietal areas (BA 40, BA 7). Moreover, music can evoke sympathic or 
parasympathic bodily reactions, like happiness or a relaxed feeling. Therefore, high-
level cognitive integration areas are recruited, such as multimodal parietal association 
areas. Finally, there is evidence for an influence on the autoimmune system while 
listening to music, assessed by measuring electrodermal activity or immunoglobulin A 
concentrations.  
 
  
Figure 2.6 Neuronal pathway of auditory perception. 
 
 
 
 
 
 
 
Theoretical background                                                                                                  42 
 
 
 
2.2.2 Tonotopy of the human auditory cortex  
A long time ago, research about the hierarchical structure of the auditory cortex 
began with macaque- and cat-experiments (Merzenich, Knight, & Roth, 1975; Morel, 
Garraghty, & Kaas, 1993; Pandya, 1995; Ehret, 1997; Rauschecker, 1997; Kaas, 
Hackett, & Tramo, 1999). Several decades of investigations have provided a detailed 
insight into the hierarchical and parallel structure of the macaque auditory cortex. 
Traditionally, the auditory cortex is categorized into a core region, the classical primary 
auditory cortex, a belt region, which surrounds the core region and a parabelt region, 
adjacent to the belt region. Based on the knowledge about the macaque auditory cortex, 
cyto-architectonic and biochemical tests were carried out to investigate the hierarchical 
architecture of human auditory cortex. The results pointed towards a similar architecture 
with numerous auditory fields (Galaburda & Sanides, 1980; Rivier & Clarke, 1997).  
Pure tone experiments with positron emissions tomography (PET) and neuro-magnetic 
measurements showed logarithmic frequency-dependent activity in auditory temporal 
cortex (Lauter, Herscovitch, Formby, & Raichle, 1985; Lockwood et al., 1999). 
Complex sounds like sound sequences or noises likewise elicited responses from the 
auditory temporal cortex, involving  additional regions like the cingulated cortex or 
superior and inferior temporal regions (Romani, Williamson, & Kaufman, 1982; Pantev 
et al., 1988; Cansino, Williamson, & Karron, 1994; Schonwiesner, von Cramon, & 
Rubsamen, 2002). According to the anatomical hierarchical organisation, contrasts 
between noise and pure tone tasks showed that the functional organisation of the human 
auditory cortex was likewise hierarchically organised. Pure tones activated merely the 
core regions, while tones with greater spectral complexity were mapped onto the core-
surrounding belt fields. The core region received afferences from medial geniculate 
complex and elicited information in the adjecent belt regions (Wessinger et al., 2001).  
Extending the imprecise knowledge about the human auditory cortex, imaging 
studies with two-tone or multi-tone tasks revealed a frequency dependent tonotopy 
along the Heschl` region. The spatial arrangement of the frequency-selective responses 
suggests the existence of two mirror-symmetric representations, containing of frequency 
gradients along a caudomedial-rostrolateral direction. In the caudal region, high-to-low 
frequencies are mapped from caudomedail to rostrolateral and in the rostral region a 
reverse pattern is found. Responses to six frequencies (0.3, 0.5, 0.8, 1, 2, 3 K Hz), 
mapped for several participants, showed progressively reduced amplitudes of the BOLD 
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response for high frequencies ( a-b-c) and an increasing amplitude for low frequencies 
(d-e-f), mirroring the tonotopy described above (see Figure 2.7). Additional frequency-
sensitive clusters in adjacent regions are typically found, but not clearly referable to a 
specific functional region, probably belonging to the classical belt areas (Formisano et 
al., 2003). 
 
 
Figure 2.7 Frequency selective responses in the human primary auditory cortex. A: a best frequency-map 
is displayed of one subject. Colour indicates the stimulus frequency that evoked the highest BOLD 
response (highest: blue, lowest: orange). Clusters (a-c) lying in the caudomedail region, Clusters (d-f) in 
the rostrolateral region. B: averaged best-frequency in a set of ~5 mm² of cortical clusters (a, b, c, d, e, 
and f) located in the primary auditory cortex (same colour code). Formisano E., Kim D.-S., Di Salle F., 
van de Moortele P.-F., Ugurbil K., Goebel R., 2003.  
 
 
Beyond two-tone and multi-tone tasks, an experiment with continuous 
frequency changing narrow-band noises (sweep around a centre tone) was performed, 
hoping to identify all responsive locations in the auditory cortex (Schonwiesner et al., 
2002; Talavage et al., 2004). Areas of the auditory cortex, that showed an increasing 
change in frequency of maximal sensitivity, were assumed to be tonotopically 
organized. Applying this method, six tonotopic mappings with seven endpoints of 
frequency progression were found within the human auditory cortex. So far, this 
indicates that the tonotopic organization is not only a function of the Heschl` region, but 
includes regions of the Heschl´ Sulcus, Superior temporal gyrus and has several 
tonotopic regions (Talavage et al., 2004).  
Recently, Bendor and colleagues published a review confronting current 
knowledge of the human and macaque auditory cortex. Although the knowledge about 
the human auditory cortex is still very little, it is almost clear that in both a core area can 
be distinguished from belt areas by their cytoarchitecure.  Narrow band noises such as 
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tones are mainly processed in the core region of humans and monkeys, whereas the belt 
regions seem to be responsible for more complex tones (noise, frequency modulation, 
low-contrast spectrum and vocalization). Two mirror symmetric tonotopic maps sharing 
a low-frequency border exist in the core region of the human and macaque auditory 
cortex, corresponding to the fields AI and R. In humans, the core region was classically 
located in the gyrus of Heschl (AI), medial to R. Thus, there was evidence that regions 
anterior to the primary auditory cortex were sensitive to pitch discrimination. It seemed 
to be a specific region consisting of pitch selective neurons, a termed pitch-processing 
centre. This centre had overlapping portions with the fields R, AL and ML, suggesting 
strong connectivity among those fields (see Figure 2.8) (Bendor & Wang, 2006). 
  
 
Figure 2.8 Diagram of the human and marmoset auditory cortex. (a): (i): human brain, (ii): horizontal 
cross section of temporal lobe. (iii): gyrus of Heschl, location of area A1, R, Pitch centre and lateral belt 
based on Schneider et al., 2005, Formisano et al., 2003, Patterson et al., 2002. (b): (i): marmoset brain, 
(ii): magnified view of the temporal lobe, with core, belt, parabelt, and pitch center based on data of 
Bendor et al., 2005, and Pistorio et al., 2004. Abbreviations: AI, primary auditory cortex; aSTG, anterior 
superior temporal gyrus; CS, circular sulcus; FTS, first transverse sulcus; H, high frequency; HG, Heschl´ 
gyrus; HS, Heschl´ sulcus; ITG, inferior temporal gyrus; L, low frequency; LS, lateral sulcus; PT, planum 
temporale; R, area R (rostral auditory cortex); RT, area RT (rostrotemporal auditory cortex); SI, 
intermediate sulcus; STG, superior temporal gyrus; STS, superior temporal sulcus.  
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2.2.3 The tonal distance effect and discrimination between different 
tones 
Pitch height can be compared to a slide rule. Both are logarithmical scales with a 
periodic subdivision. Normal pitch estimation can be explained with a comparable 
localisation method on the slide rule. Persons not familiar with pitch estimation or the 
slide rule principles can identify a point on the slide rule by its position between the 
relative endpoints of the slide rule. Although performance is rather poor, the accuracy of 
judging becomes better the closer to both ends of the scale. Indicating, that the further 
apart the points are from each other, the easier it is to discriminate between them. The 
same is the case for different frequencies of tones. When participants have to compare 
the pitch of two tones, accuracy increases with increasing pitch difference (Bachem A., 
1950; Walker & Ehrenstein, 2000; Neuhoff, Kramer, & Wayand, 2002; Rusconi et al., 
2006). Moreover, it is important to clarify what kind of different aspects we have to 
maintain while comparing functional imaging and behavioural data during tone 
comparison tasks. For example, on one side the activation pattern increases with 
increasing separation of two tones and on the other side reaction times and so the 
difficulty of tone discrimination decreases with increasing frequency-separation. The 
following section will contain two functional imaging examples. 
Hart et al. (Hart, Hall, & Palmer, 2003) tested participants presenting them tone 
pairs with the same pitch at different decibel level. One group was tested at a pitch of 0, 
3 kHz and the other group at 4,75 kHz. Participants had to keep attention and press a 
button when the second tone was audible. Within the Heschl´ gyrus activation pattern 
increased for both pitches with increasing loudness. For us more interesting, the overall 
activation pattern of 0 and 3 kHz tones was smaller than for 4,75 kHz tones, irrespective 
of loudness. For this, one explanation might be that the vibration curve for low 
frequency tones is relatively flat when it reaches to the end part of the cochlea and 
therefore, the basilar membrane response to sound level is smaller for low frequencies 
compared to high frequencies. High frequencies excurse the front part of the cochlea 
with bigger vibration curves. Hart and colleagues assume that the growth of the 
activation pattern is a function of frequency and the strength of basilar membrane 
excursion.  
In a slightly different experiment, Wilson et al. (Wilson, Melcher, Micheyl, 
Gutschalk, & Oxenham, 2007) presented participants two simultaneously played tone 
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sequences with varying pitch difference. They had to discriminate two different “tone-
streams”. Activation pattern increased with the increasing separation of the two 
“streams”. In other words, the larger the tone difference the more activation was found. 
They adopted that, with increasing separation of tones, the depression of the wave shape 
index changes over time course from rather phasic to more sustained, therefore brain 
activation can increase (see Figure 2.9).  
 
                                                                            ~ 
 
          
 
 
 
 
 
Figure 2.9 Frequency separations of semitones. B: activation amplitude calculated by time-averaging 
fMRI time courses. Each bar indicates the mean across participants (n = 7). Triangles indicate the mean 
when the values for psychophysical outliers are excluded. B~: time course waveshape quantified in terms 
of a waveshape index that ranes from 0 (most sustained) to 1 (most phasic). Bar and triangles like in B. 
Wilson E.C., Melcher J.R., Micheyl C., Gutschalk A., and Oxenham A.J., 2007. 
 
 
Although, at first glance, it seems somewhat controversial that the activation gets 
stronger while the difficulty of the task becomes easier, this might be a plausible 
explanation.  
Using behavioural methods, Zatorre et al. (Zatorre & Samson, 1991) examined 
different patients with either right frontal lesions, right temporal lesions or right 
frontotemporal lesions, putting them in different groups and compared them to a normal 
group. Tone pairs were presented to patients and they had to judge whether the second 
tone was the same or different in pitch. One half of trials had additional six distracter 
tones in between the two tones (interference task), which had to be ignored during the 
task. No significant differences were found between the groups. Only the interference 
task seemed to be more difficult for the impaired groups compared to the normal group. 
A second parametric ANONVA analysis, with the data of the interference task, was run 
and again no group interactions were found. But all groups showed the biggest number 
of errors on the one-tone difference, significantly decreasing with increasing pitch 
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difference. However, they concluded that the right temporal lobe is jointly responsible 
for pitch judgments and especially for tasks with distracting tonal material, assuming an 
association with the short term memory being stored there.  
An interesting dissociation between simple same/different judgment tasks and 
pitch direction judgment tasks was found by Johnsrude et al. (Johnsrude, Penhune, & 
Zatorre, 2000). They tested both tasks, presenting participants to tone pairs with varying 
pitch differences. Patients suffering from either left temporal lesions (Heschl´ gyurs + 
superior temporal gyrus = LTA, or without the most lateral part of the LTa) or right 
temporal lesions (Heschl´s gyrus + superior temporal gyrus = RTA, or without the most 
lateral part of the RTa) were tested. There were no differences among the groups 
obtained for the pitch discrimination task. The pitch direction task was highly 
significant, because thresholds of the RTA group were higher compared to all other 
groups. RTA patients showed on the one side normal convergence towards the threshold 
frequency differences in the simple task, on the other side frequency difference 
thresholds were abnormally higher in the pitch direction task. This dissociation points 
towards a different processing of simple pitch discrimination recognition and pitch 
direction change perception. Additionally, they noted that the dissociation depended on 
the magnitude of the pitch difference. Participants were able to recognize large pitch 
differences at higher thresholds but not the smaller differences (see Figure 2.10). Thus, 
they concluded that the ability to identify pitch direction depended on neural encoding 
in secondary auditory fields, near the right Heschl´ gyrus. 
 
 
Figure 2.10 Psychophysical curves observed in patients with right temporal lobe lesions, impairing gyrus 
of Heschl. (A): simple discrimination; (B): pitch direction judgment. Johnsrude I.S., Penhue V.B., Zatorre 
R.J., 2000. 
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However, literature tends to be controversial. Some authors claim that 
same/different and higher/lower judgments follow the same way of processing, others 
disagree. Jesteadt et al. (Jesteadt & Bilger, 1974) measured the frequency abilities of 
four participants in several paradigms. The first task was a two-interval forced-choice 
(2IFC) task (in each trial two successive tones with differing pitch were presented and 
the participant had to do indicate, whether the second tone was higher or lower than the 
first tone [795 to 1269 Hz]). In a second task, tone pairs could be either identical or 
different and participants had to carry out same/different judgements. No significant 
differences between both tasks were found. Results indicated that people, as soon as 
they were able to detect pitch changes between two tones, could also identify the 
direction of changes.  
Contrary to Jesteadt and Bilger, different experimental results suggested that 
same/different judgments and higher/lower judgments were not based on the same 
internal processing (Neuhoff et al., 2002). Neuhoff´s participants listened to several tone 
intervals. The first tone had a frequency of 800 Hz, and the second tone could be higher, 
lower or identical. Participants carried out higher/lower/or same judgments. When the 
two tones were not the same, error rates were much higher for “higher”/”lower” 
judgments than for “same” responses, suggesting that upward and downward pitch 
changes are more difficult to detect (although, they could not completely exclude 
conceptual errors [= adequate labels of upward and downward pitch]).  
A different study of Tramo and colleagues was similar to the findings of 
Johnsrude. They tested a patient with bilateral lesions in the auditory cortex. Although 
his deficits were in both tasks (the same/different and higher/lower task) abnormally 
high, the higher/lower judgment was the most impaired task (Tramo, Shah, & Braida, 
2002). 
Demany and colleagues claimed that the human brain contains direction-
sensitive detectors of discrete frequency/pitch changes. They presented a chord to 
participants, consisting of five sine wave tones, filled or spaced by four additional 
random variable semitones. Thereafter, a pure tone followed, which could be either a 
tone of the previous chord or in frequency slightly above or below. In one part, 
participants had to show whether they could perceive a higher or lower shift for the 
second tones. Although the task tended to be very difficult for some listeners, a fraction 
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of listeners was able to perceive consciously the direction of pitch movement produced 
by two tones, without perceiving consciously the pitch of the first tone. Therefore, they 
proposed that automatic and direction-sensitive “frequency-shift-detectors” exist in the 
human brain (Demany & Ramos, 2005).  
Semal and colleagues assisted on this proposal. They assumed that, although 
such detectors may exist in every normal listener, in some listeners they do not respond 
to very small frequency shifts. Participants were tested in a frequency discrimination 
and frequency direction discrimination task. Three of nine participants were unable to 
detect pitch direction changes, but could percept simple pitch changes. They were only 
able to identify the direction of large changes. The other participants could percept both, 
pitch changes and its direction easily (Semal & Demany, 2006). Together, one 
explanation might be that all humans are able to detect pitch direction changes, but 
small differences are more diffcult to discriminate. To what extend and how precise 
humans are able to detect pitch direction changes, might simply depend on their 
exercise-level.  
 
 
2.2.4 Pitch direction: evidence from impaired patients and functional 
imaging studies  
The next section will demonstrate which regions are active in particular for pitch 
direction encoding, when participants compare the magnitude of two tones. All 
following studies are summarized in a schedule of activations (see below).  
In several experiments with participants suffering from lesions in bilateral, right 
or left temporal regions, the results of pitch discrimination performance have been 
somewhat controversial. As reported before, Johnsrude and colleagues (page 49) 
assumed that the recognition of pitch direction is especially associated with the right 
hemisphere (located in secondary temporal fields near the lateral edge of the right 
Heschl´s gyrus and perhaps corresponding to the field R of the macaque, see 1. in table 
2.2) (Johnsrude et al., 2000).  
Previous investigations with more complex pitch tasks, using pitch contour 
information to discriminate between melodies, could show that participants with greater 
lesions merely could not percept complex pitch differences (see 2. in table 2.2). This 
contrasts to patients with more anterior temporal lesions, who had not such difficulties 
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(Samson & Zatorre, 1988; Liegeois-Chauvel et al., 1998). This suggests that complex 
pitch tasks require greater or more areas within and around the temporal cortex to be 
processed, e.g. the involvement of the supramarginal gyrus or angular areas (Liegeois-
Chauvel et al., 1998).  
Moreover, Robin et al. (Robin, Tranel, & Damasio, 1990) found that 
participants with right temporoparietal lesions could not discriminate between simple 
square wave tone pulses. This suggests that even simple pitch discrimination can be 
associated with secondary temporal fields and further association areas, such as parietal 
regions (see 3. in table 2.2). Temporal tone processing seemed to be rather processed in 
the left hemisphere. Tramo et al. (Tramo et al., 2002) could extend these proposals (see 
4. in table 2.2). They tested a participant suffering from great bilateral lesions, including 
all of the bilateral transverse gyrus of Heschl, the posterior part of the left superior 
temporal gyrus, adjacent inferior parietal areas, all of the right superior temporal gyrus 
and portions of the right frontal, parietal, medial temporal and inferior temporal cortex. 
The patient had to perform “higher/lower” and “same/different” judgements on different 
tone pairs. It seemed somewhat surprising that he still could perceive sounds, which 
they traced to parallel ascending inputs (via medial geniculate complex, the epulvinar, 
the posterior nuclei, the suprageniculate nucleus and limitans nuclei) to the auditory 
association cortex, located in still functioning areas of the anterior superior temporal 
gyrus. The perception of pitch direction was much more impaired than the simple pitch 
discrimination task. This supported the thesis, that pitch direction judgments needed 
more converging information, such as the magnitude of pitch or memory retrieval 
compared to same/different judgments.  
Further evidence for these observations came from different functional magnetic 
imaging studies. Zatorre and coworkers advised normal healthy participants to judge the 
pitch difference of the “first” and “second” note of an 8-tone-melody and the pitch 
difference of the “first” and “last” tone of the 8-tone-melody consecutively. For the 
“first/second” tone judgment task activations in the right frontal and left anterior 
cingulated gyrus were found. The “first/last” tone judgment task revealed much more 
activations: in the bilateral frontal, anterior cingulated gyrus, in the bilateral insula, right 
temporal and bilateral inferior parietal gyrus. Thus, both seemed to require the frontal 
lobe as well as the anterior cingulated, but more demanding pitch tasks recruited 
additional temporal regions and the bilateral inferior parietal system (see 5. in table 2.2). 
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They speculated that such pitch information tasks might need the spatial processing of 
the inferior parietal regions (Zatorre, Evans, & Meyer, 1994).  
In a different study, participants had to perform “same/different” judgments on 
the pitch of a six-tone-sequence pair (213-819 Hz). Similar activations were found 
underlining the above assumption (see 6. in table 2.2). They found activations in 
bilateral posterior inferior frontal, bilateral dorsolateral prefrontal, bilateral superior 
temporal, anterior cingulated and bilateral parietal areas, again pointing towards a 
fronto-temporo-parietal network being responsible for pitch information processing 
(Griffiths, Johnsrude, Dean, & Green, 1999).  
Brown et al. (Brown & Martinez, 2007) observed additional activations in the 
bilateral middle temporal gyrus, left planum temporale, right anterior insula, right Broca 
area and bilateral premotor cortex in an almost similar task (see 7. in table 2.2). They 
assigned a key role to the SMA, which seemed to be responsible for motor planning, 
coordination, image formation and discrimination. Premotor areas, they suggested, were 
involved in action-based vocal planning and audiovocal integration.  Together with 
Broca’s area and temporal regions the SMA and premotor areas can cause a sensimotor 
integration circuit for motor planning and vocalisation. The anterior cingulate gyrus 
seemed to be responsible for error detection. Frontal areas classically have been 
assigned to working memory processes, all required by complex melody discrimination.  
A similar severity code seemed to exist for the difference between simple tone 
discriminations (only frontal activations) compared to tonal contour discrimination, 
which again included activations of the bilateral intraparietal sulcus and left posterior 
cingulate and inferior frontal areas (see 8. in table 2.2) (Husain et al., 2006; Husain, 
McKinney, & Horwitz, 2006). 
Contrasting to this, in a simple attention task, where participants had to listen to 
a pitch-sequence, no parietal activations were found (see 9. in table 2.2). Only the 
bilateral anterior areas of the planum temporale and polare and the left lateral Heschl´s 
gyrus were activated (Warren & Griffiths, 2003). Suggesting that the frontal parietal 
network is required only when active evaluation, memory of the pitch direction and the 
magnitude of the pitch differences are needed.  
Gaab and colleagues wanted to find out how the activation patterns changed, 
measuring brain activations from the auditory stimuli on and following at different 
imaging time points (ITP). They created a pitch memory task. Participants had to 
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perform “same/different” judgments on the “first” and the “last” or “second to the last” 
of a 6 to 7 tone sequence (see 10. in table 2.2). 0-2 sec (ITP 0-2) after the end of the 
stimulation, strong left and right superior temporal activations, as well as bilateral 
Heschl´s gyrus, planum temporal, the supramarginal gyrus, bilateral dorsolateral frontal, 
right superior parietal and bilateral pre-SMA regions were activated. 3-4 sec after the 
end of the stimulation, left superior temporal, right planum polare, but no longer the 
Heschl´s gyrus were found to be activated. The left dorsolateral frontal, left inferior 
frontal, left middorsal prefrontal and again bilateral superior parietal areas were likewise 
activated. These activations point towards a left (respective bilateral parietal) 
dominance for pitch memory processing. 5-6 s after the end of the stimulation merely 
the right anterior superior parietal region and the bilateral planum polare remained 
activated. They argued, that the supramarginal gyrus (especially of the left hemisphere) 
might play a role as a top-down modulator for specifying the area of actual processing 
during early perception points in time. The parietal cortex might function as an 
multimodal convergence area, storing auditory spatial and memory information, having 
attention functions and playing a role in initiating motor responses (Gaab, Gaser, 
Zaehle, Jancke, & Schlaug, 2003; Gaab, Keenan, & Schlaug, 2003).    
Finally, Bermudez and colleagues tried to investigate how training could change 
pitch perception patterns (see 11. in table 2.2). They trained participants to respond to 
each of 4 chordal stimuli, with one of 4 numbers and scanned them before and after the 
training. A subtraction contrast of `after training-activations´ minus ´before training-
activations´ revealed much more activations for the trained participants, such as bilateral 
middle frontal, right mid-ventrofrontal frontal, right angular gyrus and left inferior 
parietal lobe. The fact that the task was not a simple motor conditional task, but first of 
all an association between numbers and tones, which had to be made before motor 
response, might explain the large frontal activations. They attributed multimodal 
association functions to the frontal cortex. Moreover, they assumed the bilateral parietal 
activations to be associated with the frontal areas, adding features like response 
selection, directed and intentional action initiating on number and tone processing 
(Bermudez & Zatorre, 2005a). 
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Table 2.2 Brain activations in comparison (tones) 
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2.2.5 Musicians and absolute pitch 
One way to examine whether fundamental auditory processing and systematic 
grouping of sound signals onto pitch encoding is a universal ability of all human beings, 
is to compare listeners who have different levels of musical expertise. Taking this 
approach, several studies in the literature on music processing report that musicians  
easier detect pitch differences with a higher accuracy and that their brains possess 
correspondingly enlarged cortical areas for pitch processing (Spitzer, 2002; Tervaniemi, 
Just, Koelsch, Widmann, & Schroger, 2005; van Zuijen, Sussman, Winkler, Naatanen, 
& Tervaniemi, 2004; Bermudez, Lerch, Evans, & Zatorre, 2006; Rusconi et al., 2006). 
This pitch detection ability is closely related to the age at which people start to play an 
instrument: the earlier people start the musical learning process, the larger the evolving 
of tone processing cortical regions. Especially strong enlargements of the grey matter 
are reported in musicians who started to play an instrument before the age of nine 
(Spitzer, 2002). Furthermore, Tervaniemi and colleagues observed that musicians can 
detect pitch changes faster and more accurately than non-musicians, although both 
groups are able to notice bigger and smaller pitch changes. They used a “higher/same” 
judgment task with successive tone pairs and different pitch differences (Tervaniemi et 
al., 2005). Moreover, Rusconi and colleagues showed that musicians were better in 
detecting different pitch differences. Even when the task was irrelevant to pitch 
detection (i.e. the task was comparison of wind and percussion instruments), musicians 
were able to discriminate between tones, producing less errors with increasing distance 
between two tones. In contrast, non-musicians did not significantly show such a pitch 
distance effect (Rusconi et al., 2006). 
The specific effect of training on musical ability has been examined in a two-
interval detection task with different pairs of pure tones or complex tones and differing 
pitch. Participants had to indicate in which interval a higher frequency tone was 
presented. Without previous training, pitch discrimination thresholds for non-musicians 
were more than six times higher compared to musicians (i.e. a larger pitch distance 
between the tones was required for the non-musicians in order to detect a noticeable 
difference). However, just after two hours of intensive training, the non-musicians 
greatly improved but thresholds were still 4 times higher than those of musicians. The 
musicians showed just a small improvement after training, leading to optimal pitch 
discrimination ability. Interestingly, in a follow up it only took about 4 to 8 hours to 
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reduce the pitch discrimination thresholds of the non-musicians to those of the 
musicians, supporting the strong influence of musical training in musical sound 
characterisation (Micheyl, Delhommeau, Perrot, & Oxenham, 2006). Extending these 
findings, Tervaniemi and colleagues showed that for musicians pitch detection becomes 
automatic after training. They recorded the memory-related mismatch negativity 
(MMN) component via EEG and MEG. Melodic music patterns (consisting of five 
tones with different pitch, 330 to 989 Hz) were presented to musicians. Music patterns 
varied between a “standard” pattern and a “deviant” pattern (one different tone). In one 
condition, participants had to watch a movie during tone presentation (task irrelevant 
attention fixation) and in a second “attention” condition, they had to indicate the 
“deviant” music patterns. The results showed that musicians can easily detect the 
“deviants” in the “attention” condition. Interestingly, after training, their auditory cortex 
learned to detect automatically pitch differences in music patterns, even when they were 
watching the movie. This supports the thesis, that training can evoke and improve 
automatically pitch detection (Tervaniemi, Rytkonen, Schroger, Ilmoniemi, & 
Naatanen, 2001).  
An enlargement of neurophysiologic activity and size of the auditory cortex 
(amHG) in musicians compared to non-musicians was demonstrated by using a simple 
tone-listening task (Schneider et al., 2002). By examining musicians and non-musicians 
with an absolute-pitch task, more detailed information were gathered. Greater cortical 
thickness for musicians was found in the superior temporal surfaces, motor cortices, 
areas of the prefrontal lobes, mid-dorsolateral frontal areas, lingual and 
parahippocampal regions (Bermudez et al., 2006). These authors could also show a right 
hemispheric dominance in musicians. The stronger frontal and parahippocampal 
activations were interpreted as being responsible for working memory functions and 
multi-modal input association. Four years earlier, results of a pitch-memory task pointed 
towards a very similar direction (Gaab & Schlaug, 2003). Participants were presented to 
6-7 tone sequences (330 Hz-622 Hz) and had to judge whether the last or second to last 
tone was the “same or different” from the first tone of the sequence. Both, musicians 
and non-musicians showed activations in the superior temporal, supramarginal, 
posterior middle, inferior frontal gyrus and superior parietal lobe. Interestingly, non-
musicians showed more activations in the right primary and left secondary auditory 
cortex, while musicians showed a right temporal and supramarginal activation 
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prevalence. These differences led to the assumption, that non-musicians rely more on 
regions responsible for pitch discrimination, while musicians resort to brain regions 
specialised for short-term memory.  
Absolute pitch is defined as the ability to identify the names of musical pitches 
without reference to a standard tone. Absolute pitch can emerge at a very young age, 
before any exposure to musical training and it runs in families. There is evidence for an 
innate genetic prevalence, as well as language specific associations (Deutsch, 2006).  
Differences between musicians and non-musicians with absolute pitch and 
relative pitch are found. However, results have been somewhat controversial. A fMRI 
experiment with musicians with absolute pitch compared to musicians without absolute 
pitch and non-musicians showed that the left planum temporale of musicians with 
absolute pitch was twice as large as in non-musicians. In musicians without absolute 
pitch the planum temporale was in between both, but closer to that of non-musicians. 
That indicated a hemispheric asymmetry, increasing with the degree of musical ability, 
with the biggest cortical enlargement for absolute pitch musicians (Schlaug, Jancke, 
Huang, & Steinmetz, 1995). Slightly contrasting to this, Bermudez and colleagues 
found that grey matter of absolute pitch-musicians did not significantly differ from that 
of relative-pitch musicians. Both showed similarly greater grey matter concentration in 
the right hemisphere (planum temporale and polare) compared to non-musicians 
(Bermudez & Zatorre, 2005b). Years before, similar activations of the auditory cortex, 
but bilateral, were found in musicians with absolute pitch and relative pitch (Zatorre, 
Perry, Beckett, Westbury, & Evans, 1998). Participants had to carry out a pitch listening 
and interval judgment task. In the pitch listening task, absolute pitch-musicians showed 
additional activations in the posterior dorsolateral frontal cortex, an area meant to be 
involved in conditional associative learning of sensory stimuli and response. However, 
similar frontal activations were found to a lesser extent in relative pitch-musicians 
during the interval judgment task. Right inferior frontal activations were only observed 
for non-absolute pitch-musicians, indicating that absolute pitch musicians do not need 
access to the working memory areas. Larger cortical volume has been found in the left 
planum temporale in absolute pitch-musicians, correlating with stronger left 
hemispheric activations in the left superior temporal gyrus and parietal gyrus. Zatorre 
and colleagues proposed that absolute pitch musicians do not rely on the usual pattern 
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of pitch perception and reaccess, but rather recruit a special left dominated network, 
involved in retrieval and handling of verbal-tonal associations.  
It has been hypothesized that people with absolute pitch do not need a working 
memory representation, because all tones correspond to a fixed standard (Bermudez & 
Zatorre, 2003). An interesting question is why absolute pitch is such a rare 
phenomenon, and why most people have difficulties to perceive simple pitch changes. 
Musicians with absolute pitch tend to have an unusual formation of the left planum 
temporale (Schlaug et al., 1995). They found that this leftward asymmetry is greater in 
musicians with absolute pitch and emerges before birth. Different aspects were found 
examining native speakers of different tone-languages (e.g. Mandarin Chinese and 
Vietnamese). They often had a very precise form of absolute pitch, supporting the 
assumption that absolute pitch was developed as a feature of speech. It was also known 
that absolute pitch emerges during the first year of life, when language properties are 
learned as well. Together, one can assume that the ability of absolute pitch is genetically 
determined and can be realized and trained when the infant learns to associate pitches 
with verbal labels (Deutsch, 2002; Deutsch, 2006).  
 
 
2.2.6 The mental spatial representation of pitch  
Whenever dimensional overlap occurs between stimulus and response, the 
mapping of stimulus to responses influences accuracy and performance of the task 
(Kornblum, Hasbroucq, & Osman, 1990). Pratt (Pratt, 1930) claimed that two tones of 
different pitch, presented to participants, were attributed as higher/ resp. lower due to 
the participants perception of tones in space. He tested participants by showing them a 
vertically aligned numbered scale and asked them to note the position of 5 different 
tones (256, 512, 1024, 512, and 256 Hz), sounded by a hidden loudspeaker from 
different locations. Every participant scaled the tones in order from top (high tone) to 
bottom (low tone). More than thirty years later, Roffler et al. (Roffler & Butler, 1968a; 
Roffler & Butler, 1968b) replicated the experiment of Pratt with nine tones (from 250 to 
7200 Hz). They could show that the overlap between pitch height and vertical locations 
persisted even when the distance of the viewer from the panel and the viewers 
orientation were changed. That means, tone bursts were not located according to the 
actual position of the loudspeaker, they were located along a vertical continuum, with 
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high/up pitches to down/low pitches. The spatial organisation was unaffected by 
manipulations in duration, rise-fall time and body orientation. Participants, lying on the back, 
placed high tones above their heads and low tones towards their feet in a vertical line at the ceiling. 
Participants, laying on the side and facing a panel, that was aligned both in the vertical and horizontal 
direction, located high tones above their head and towards their feet in the vertical direction, as well as 
upward high and downward low in the horizontal orientation. The same vertical up/down 
allocation pattern was found in congenitally blind people and children, who were not 
aware of the words “high” and “low”. They were presented to a horizontal quadrant-
panel and tended to place high tones to the upper part and low tones to the lower part of 
a quadrant. Thus, Roffler and colleagues concluded, that every tone has a spatial 
character according to its frequency and is aligned on a vertically pitch continuum. 
Both studies work with a specific default panel vertically or horizontally aligned 
and presented visually. Participants allocated their perceptions mandatorily along a 
visuo-spatial dimension and it remained unclear, whether the mapping of pitch height 
was spontaneous or induced. An elegant way would be to investigate, whether pitch 
height in speeded choice reaction task would speed up automatically specific manual 
spatial responses. Whenever dimensional overlap between pitch height and response 
coding would occur, responses would have to be faster and more accurate. A 
phenomenon termed as the stimulus response compatibility (SRC)-effect, which is 
widespread in experimental neuropsychology (FITTS & SEEGER, 1953; FITTS & 
DEININGER, 1954). Walker and colleagues investigated the dimensional overlap 
between onset pitch, pitch direction change and the corresponding response pattern. In a 
first experiment, they presented sound starting from a given pitch and then getting 
higher in frequency or lower in frequency. Sounds, started at a high frequency and then 
got higher or started as low pitch and became lower, were classified as compatible 
stimuli, because start pitch and direction of pitch correspond with each other. The 
stimuli with differing start pitch and pitch direction (low onset pith becoming higher) 
were classified as incompatible stimuli. Participants had to judge, whether the pitch of a 
stimulus was high or got higher or was low and got lower in pitch. Two response keys 
of a keyboard with an “upper” key (further apart from the participant) and a “lower” key 
(close to the stomach of the participant) were vertically aligned, in the frontal midline of 
the participant. Half of the participants had to press the “upper” key for high pitch and 
the “lower” key for low pitch (compatible mapping), the other half of participants vice 
versa (incompatible mapping). For the onset-pitch, the reaction times were faster for 
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congruent stimuli than for incongruent stimuli and so for the pitch change stimuli (but 
stronger). As separation (distance) increased, responses became faster and more 
accurate for the onset-pitch stimuli. For pitch change, stimuli reaction times increased 
only for the congruent stimuli and not for the incongruent stimuli (see Figure 2.11). 
Mirrored in the accuracy pattern, incongruent stimuli were less accurate the bigger the 
separation was. The main effect of assignment was not significant. The only significant 
interaction, assignment × congruity × separation showed that responses of incongruent 
stimuli, in the compatible mapping, decreased in accuracy with increasing separation, 
whereas responses of congruent stimuli increased with accuracy with increasing 
separation. In the incompatible mapping, the effect of increasing accuracy with 
increased separation was smaller but the same for incongruent and congruent stimuli.  
 
 
Figure 2.11 Interactions between the dimensions of onset pitch and direction of pitch change: mean 
reaction time (in milliseconds) as a function of cue dimension, congruity and separation (tone distances: 
small, medium, and large). Error bars represent standard error of the mean (Walker & Ehrenstein, 2000).  
 
 
In order to obtain a better S-R assignment effect, they changed the response codes in a 
second experiment. The response set was oriented clearly vertical in a physical sense, 
with a vertical response button panel with five buttons. Using the third button as a 
reference button, 2 and 4 were classified as “near” and 1 and 5 were classified as “far”. 
Stimuli were the same as in the first Experiment (except that participants either 
responded to onset-pitch or to pitch change for the whole experiment). The results were 
mainly identical to the first experiment. Only, the main effect of assignment was 
significant this time. Participants responded faster with the compatible mapping than 
with the incompatible one. To some extend, the effect of the irrelevant stimulus 
dimension depended on the response assignment, such as separation in onset pitch had a 
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bigger effect in the compatible mapping than reverse. The authors carried out a third 
experiment, identical to the second, only aligning the response panel horizontally. They 
wanted to investigate, if the S-R-compatibility effect is stable during different 
alignments. The results were the same as in Experiment 1 and 2, only the main effect of 
assignment reached no significance. The only significant interaction was assignment × 
separation. In both assignments, reaction time increased with separation, but was better 
when “high” tones were assigned to the right (compatible mapping). This effect was 
very small and they concluded that the spatial compatibility effect for pitches and 
response assignment, and so a spatial representation of pitches, only existed in the 
vertical alignment (Walker et al., 2000).   
In contrast to the above findings, Rusconi and colleagues, working on a very 
similar problem, could show a significant compatibility effect for tones within a 
horizontally and vertically aligned response code for musicians and to a lower extend 
for non-musicians (Rusconi, Kwan, Giordano, Umilta, & Butterworth, 2005). They 
termed this effect the Stimulus Musical Association of Response Code (SMARC)-effect, 
in analogy to the well known SNARC effect (Dehaene et al., 1993). In the first 
experiment, they presented tone pairs to non-musicians. The first tone was always the 
same reference tone and the target tones varied in pitch. Participants had to do 
higher/lower judgments on the target tone. Two response keys were aligned horizontally 
and in the other half of the experiment vertically. The whole experiment was carried out 
with crossed and uncrossed arms. Each response mapping (compatible: upper key/high 
tone, lower key/low tone and incompatible: upper key/low tone, lower key/high tone) 
was performed with crossed and uncrossed hands, vertically and horizontally. In the 
vertical alignment, reaction times increased with a decreasing distance to the reference 
standard. The interaction between pitch height and response mapping was significant. 
Reaction time was faster for the “upper” key and high frequency pitches and faster for 
the “down” key and low frequency pitches (compatible mapping), while the reverse was 
found for the incompatible mapping. In the horizontal alignment, the distance effect was 
again significant and also the interaction of pitch height and response location (just the 
error analysis did not reach significance). The results showed a clear stimulus response 
effect for vertically aligned responses to pitch height, thus indicating dimensional 
overlap and spatial pitch height representation. Moreover, an advantage for up/right and 
down/left mapping was found. Spatially higher tones were responded to faster with a 
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right response key and spatially lower tones were responded to faster with a left 
response key, suggesting the existence of a vertical-to-horizontal (orthogonal) SRC-
effect.  
 
Figure 2.12 Pitch comparison task carried out by non-musicians.  Left, mean differences between lower 
and upper key RTs as a function of distance from the reference are shown (standard error). Right, mean 
differences between left and right key RTs as a function of distance from the reference are shown  
(standard error) (Rusconi E., Kwana B., Giordanob B.L., Umilta` C., Butterworth B, 2005).  
 
 
In order to eliminate eventually manipulating response labels like the words “higher” 
and “lower”, they created an indirect task. The task design was the same, but this time 
instead of higher/lower judgments, they did a musical identification task (between wind 
and percussion instruments). In the vertical alignment, the instrument × distance 
interaction was significant, the difference between instruments increased with distance. 
But only the 4 tone-distance showed a significant SRC effect in the pitch height × 
response location × distance interaction, the other distances showed the opposite 
pattern. The horizontal alignment revealed no significant effects. Therefore, they 
concluded that a SRC effect in combination with absence of spatial words only persists 
at the greatest distance in the vertical alignment. This indicated that non-musicians are 
influenced in their behaviour only when pitches are separated by more than one octave. 
To find out, whether the effect is based on musical training and automatic processing of 
pitch, they repeated the second experiment with a group of musicians. This time the 
distance effect was significant in the vertical and horizontal (only error analysis) 
alignment. Reaction time increased with distance to the reference standard.  
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Figure 2.13 Instrument identification task carried out by musicians. Left, mean differences between lower 
and upper key RTs as a function of distance from the implicit reference are shown (standard error). Right, 
mean differences between left and right key RTs as a function of distance from the implicit reference are 
shown (standart error)  (Rusconi E., Kwana B., Giordanob B.L., Umilta` C., Butterworth B, 2005). 
 
 
The main effects of instrument and pitch height (only vertical alignment), as well as the 
pith height × response location interaction (both alignments) and the distance × 
response location × pitch height (only in the horizontal alignment) reached significance. 
Comparison on mean reaction times revealed, that the SRC-effect was significant only 
for the 3-tone and 4-tone distance. Finally, a last ANOVA testing musical expertise with 
SRC effects, led them to infer that musical expertise interacted significantly with the 
SRC effect in vertical and horizontal alignment. Thus, they concluded that a vertical 
SMARC-effect (the mapping of pitch height onto a vertical spatial dimension) and a 
horizontal SMARC effect (only for musicians) exist. However, they claimed that the 
fact that both, number and pitch magnitude elicit a SRC effect does not imply that both 
follow the same processing procedures and networks. It would need further research to 
find out, whether the proposed analogy between SNARC and SMARC correlates to an 
anatomical-functional basis (Rusconi et al., 2005; Rusconi et al., 2006). 
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3. Present study 
 
3.1 Present study and hypotheses 
 
After the general overview on numbers and tones, the great amount of 
information which our brain has to perceive, process and respond to at the same time 
becomes imaginable. Thus, processing structures (of a higher order) are being created, 
which are able to process different stimuli with similar processing requirements at the 
same time. Walsh postulated that a general magnitude system exists, within which 
temporal, spatial, and quantity information are processed concurrently (Walsh, 2003). 
For the conjoint processing of numbers and space, he described the phenomenon of the 
SNARC effect, where smaller numbers are mentally associated with the right side of 
space and larger numbers with the left side. A similar connection between space and 
pitch height was found by Rusconi and colleagues. At the behavioural level, they could 
show that high pitches of a tone in comparison to a reference tone are mentally 
associated with higher positions in space and lower pitches are associated with lower 
positions in space. They called this observation the SMARC effect, in analogy to the 
numerical SNARC effect (Rusconi et al., 2006).  
At first sight, relations between number and tone processing seem to be slightly 
unusual. In general, music processing is rather associated with speech processing. 
Kölsch and colleagues postulated, that musical abilities are important for the acquisition 
and processing of language. For instance, tonal languages (e.g. Mandarine and 
Vietnamese) rely on decoding of pitch relations between phonemes. Non-tonal 
languages (e.g. German, English) also require an accurate analysis of speech prosody to 
understand structure and meaning of speech. They claim that both, language and music 
at early age, are initially processed as similar domains by the human brain. It seems that 
the human brain treats language as a special case of music (Koelsch et al., 2005). 
 Moreover, we can find mathematical coherencies in music as well. Every tone 
posesses a specific pitch height, and in combination with that a fixed place or height in a 
“tone system” (= all tones), characterized by a fundamental-frequency tone (F0) and 
different overtones (harmonics). The Pitch height difference between two tones is 
detectable within a single tone (while listening to the harmonics) or as interval between 
two tones. When we listen to one tone of the piano very exactly, every hearable tone is 
built up from many overtones, following a logarithmical scale. With other words, every 
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pitch or tone is represented in one tone, and a target tone can e.g. be the third or second 
overtone of a reference tone. Much easier to perceive is a really played interval (two 
tones) on the piano.  E.g. if three “full tones” are located between the reference tone and 
target tone, the interval is termed “quinte”. If two “full tones” lie between the reference 
tone and the target tone, the interval is termed “quarte”. All these defined intervals 
belong to a fixed arithmetical magnitude. Thus, structural metric associations exist 
between number processing and tone processing. All of the above mentioned points 
support the theory of a converging processing system of numbers and tones. 
Consequently, we postulated the following hypothesis: 
1. We expect a left dominant pattern for number word processing, including 
superior temporal and inferior frontal areas for verbal encoding.  
For tone/pitch direction processing a network including the bilateral temporal 
cortex and frontal areas is expected. 
2. In line with ATOM (Walsh, 2003), convergent brain areas for semantic 
judgments on number words and tones are assumed to be located in an intraparietal 
network being responsible for short term memory retrieval and magnitude processing of 
number words and pitch. 
3. We expect a compatibility effect for number words and tones, in which 
activated areas are responsible for decision and execution preparation, cognitive control 
and inhibition. These areas could be located within the ACC, frontal and supplementary 
motor cortex. 
 
According to the study of Rusconi and colleagues, we investigated our 
hypotheses by examining 16 male non-musicians in a magnitude comparison task with 
single number words and tones. Participants were presented to number word-pairs and 
tone-pairs and had to judge, whether the second audible number word or tone was 
smaller/lower or larger/higher than a previous reference tone or number word (C4, 5). In 
order to use the same input modality, number words and tones were presented 
auditorily. To examine whether a vertical and horizontal stimulus musical and 
numerical response compatibility (SMARC, SNARC) effect existed, we tested both 
alignments, horizontal and vertical. If a SMARC and a SNARC effect exised, we should 
find compatibility effects for both number words and tones. Therefore, we tested the 
compatibility effect in changing the response assignment (compatible: high/larger = 
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right/up and lower/smaller = left/down; incompatible: high/larger = left/down and 
lower/smaller = right/up) after each session.
 
 
3.2 Methods 
 
3.2.1 Participants 
Sixteen male students (mean age = 27, range 20-30 years) with normal or 
corrected-to-normal vision, non-musicians, took part in the study after having given 
their written consent in accord with the protocol, which was approved by the local 
Ethics Committee of the Medical Faculty. All participants were right handed as revealed 
by the Edinburgh Handedness Inventory (Oldfield, 1971, German translation).  
 
 
3.2.2 MRI acquisition 
Anatomical scans were acquired on a 1.5 Tesla magnetic resonance scanner 
(Philips Medical Systems) with gradient booster and standard head coil, T1-weighted. 
We used a MP rage iso-voxel anatomy with FOV: 256 mm, scan matrix = 256 × 256 
mm, voxel sice = 1.00 × 1.00 × 1.00 mm³, TR = 7.65 (shortest), TE (echo time) = 3.55 
(shortest) and flip angle 8.00°. We measured 140 slices, at a slice thickness of 1mm 
with transverse orientation and whole brain coverage. The anatomical scans were 
normalised in the statistical parameter mapping software (SPM2, 
http://www.fil.ion.ucl.ac.uk/spm), to apply them for displaying fMRI activation data.  
 
 
3.2.3 fMRI data acquisition 
Functional imaging was recorded with the same 1.5 Tesla fMRI System, and 
sensitive to blood oxygenation level-dependent (BOLD) contrast. We used an EPI with 
a FOV = 240 mm, scan matrix = 64 × 64, voxel sice = 3,5 × 3,75 × 3,70 mm³, TR = 
2762.00 ms, TE = 50 ms, flip angle = 90°, with 200 dynamic scans per session (4 
sessions in the experiment). Whole brain volumes were acquired in 30 slices with a slice 
thickness of 3,70 mm, a gap of 0,3 mm and in transversal orientation. Functional images 
were analysed with SPM2. Data was first realigned to the first scan of the experimental 
 
Present study                                                                                                                 74 
 
 
 
session and corrected for movement (rotation/translation). Images were normalized to 
the MNI 152 template using a voxel sice of 4×4×4 mm³. Image data were smoothened 
with a Guassian kernel of 8 mm FWHM. The canonical form of the hemodynamic 
response function (HRF) was used to generate the model time courses for each trial. 
After exerting a high pass filter with a cut-off period of 192 s, correction for serial 
correlation (AR(1) Model) and estimation of β, all contrasts could be selected and 
evaluated. The group analysis was implemented by computing linear contrast 
coefficients (β-weights) for each individual participant, which were then subjected to a 
one-sample t-test across participants. A part of the contrasts (between experimental 
conditions and vs. baseline) were masked in order to eliminate potential differences due 
to deactivations. The coordinates were transformed into Talairach space. The 
corresponding anatomical regions and Brodmann areas (BA) were identified using the 
Talaiach Daemon (Lancaster et al., 2000). 
 
 
3.2.4 Design and Procedure  
In order to differentiate and examine both, the SNARC (Spatial Numeric 
Association Response Code) and SMARC (Spatial-Musical Association of Response 
Codes) effect, we adopted a parametric ABBA-design (resulting in 4 sessions in our 
experiment, always with 4 conditions). Number words and tones were tested one after 
the other in a magnitude comparison task. Compatibility of finger assignment (i.e., 
compatible/incompatible) and hand position to body alignment (i.e., horizontal/vertical) 
were varied in a systematic fashion. Finger compatibility was induced by changing the 
assignment of the answering fingers (either compatible: index finger = small 
tone/number word and middle finger = bigger tone/number word or incompatible: index 
finger = bigger tone/number word and middle finger = small tone/number word).  
Expecting a stronger effect for the horizontal alignment for number words and a 
stronger effect with vertical alignment for tones, we examined the different alignments 
(horizontal/vertical) as an additional independent variable. The alignment was changed 
only once after 2 sessions within the experiment. In this way, both, number word and 
tone conditions were run with both hand alignments (see Figure 3.1). Thus, within one 
session only tone-pair sequences and number-pair sequences varied with each other, in 
 
Present study                                                                                                                 75 
 
 
 
such a way that successively “tones numbersnumberstones” were presented (or 
vice versa, ABBA). 
 
 
Figure 3.1 Response mappings. The degree of compatibility was influenced by response assignment (i.e., 
compatible: index finger for smaller/lower, middle finger for larger/higher; incompatible: reverse 
mapping). All stimuli were presented auditorily (Winkler L., Korvorst M., Willmes K., 2007). 
 
 
In each trial, participants had to compare a reference tone (C4) or number word 
(5) with a higher or lower new tone (E3-F3#-G3#-A3#-D4-E4-F4#-G4#) or a smaller or 
larger number (word) (one-two-three-four-six-seven-eight-nine). All factors were 
balanced; half of the participants began with tones, the other half with number words. 
One half started with horizontal and the other with vertical alignment. Always two 
participants were presented to the same sequence of trials. All stimuli were presented 
auditorily with headphones at a pleasant sound intensity (about 70 dB). To prevent 
different effects because of irregular presentation lengths among tones and numbers, 
both were cut to a fixed length of 600 ms using Audition 2 (www.adobe.com).  
Participants responded with the middle- and index finger of the right hand. 
During the horizontal alignment, the right arm was lying flat on the right femoral. 
During the vertical alignment, the right arm was fixed in a 90° position on the abdomen 
and the hand was vertically aligned, with the thumb pointing towards the abdomen. 
Fixation was done with a Gilchrist bandage warranting a relaxed arm position.  
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The experiment contained 464 trials in total (384 experimental trials, 80 null 
events), which were presented at a rate of 3500 ms. This number of trials consisted of 8 
numbers × 2 compatibilities × 2 alignments = 32 × 6 replications = 192 + 8 × 2 exercise 
trials + 40 null events = 248 for number words (+ 248 analogous tone trials) = 496 trials 
per experiment. The entire experiment contained 4 sessions (4 × 124 trials), one session 
consisted of 4 conditions (ABBA) and one condition comprised 24 trials, 5 null events 
and 2 practice trials (either with numbers or tones). The duration of a trial lasted 3500 
ms. After a short visual instruction presenting the actual compatibility assignment (left 
finger = lower tone/right finger = higher tone or vice versa and whether the condition 
started with tones or number words), the participants saw a permanent hash mark on the 
screen, with only a short break between two conditions for a new instruction. After the 
participants saw a hash mark for 200 ms, a reference tone or number followed, lasting 
for 1000 ms (exact period 600 ms + 400 ms pause). Afterwards a new tone or number 
word was audible for 1000 ms (exact period 600 ms + 400 ms pause). Fixed response 
deadline was at 1300 ms before a new trial began. No responses were registered after 
this deadline. Between two conditions, there was a pause of 15 seconds. Towards the 
end of the pause, participants saw a new instruction for the next condition (see Figure 
3.2). 
  
 
Figure 3.2 Stimuli and design (Winkler L.Y., Korvorst M., Willmes K., 2007). 
 
 
 
 
 
 
Present study                                                                                                                 77 
 
 
 
3.3 Results 
 
Excel and SPSS (15.0) were used to analyse the behavioral raw data. All 
analyses were performed on participants` log 10-transformed mean correct RTs and on 
arcsine-transformed error rates (2 arcsine√x; Howell, 1997). Outliers (RTs faster or 
slower than 3 standard deviations from the mean) were removed from the data. Errors 
consisted of timeouts and incorrect responses. We examined five different factors: stim 
(tones, number words), compatibility (comp, incomp), distance from the reference (1-4), 
magnitude decision (larger, smaller) and hand-body-alignment (horizontal/vertical). 
Two four-way repeated measures analyses of variance (ANOVA) were carried out on 
RTs. One ANOVA was collapsed over both alignment conditions, with stim (tones, 
number words), compatibility (comp, incomp), distance from the reference (1-4) and 
magnitude decision (larger, smaller) as factors. The other ANOVA analysis was 
collapsed over both compatibility conditions, with stim (tones, number words), distance 
from the reference (1-4), magnitude decision (larger, smaller) and hand-body-alignment 
(horizontal/vertical) as factors. We adopted for all ANOVA tests a significance level of 
.05. In addition, for hypothesis-driven one-sided t-tests, we divided the computed p-
values by two.   
 
 
3.3.1 Behavioural results 
 
3.3.1.1 Reaction time results 
Four way interaction: the marginally significant interaction of stim × distance × 
alignment × magnitude decision, F(3,45) = 2,72, p < .056, revealed a modulation of the 
obvious distance effects depending on the type of stimuli, type of magnitude decision 
and stimulus alignment. Overall, the tonal distance effects were stronger (linear trends, 
except vertical/larger: cubic trend), compared to those for number words (parabolic 
trends, except horizontal/smaller) and more regularly increasing with distance for tones 
(except for vertical alignment, larger decision) than for number words (only for 
horizontal alignment and smaller decision) (see Figures 3.3a/b).   
 
 
Present study                                                                                                                 78 
 
 
 
732
680
723
733
708
693702
754
713
681
693
752
662
685683
740
600
640
680
720
760
800
840
880
1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4
horizontal                             vertical
     number words
R
T
 i
n
 m
s
smaller
larger
 
604
666
643
742
832
645
674
710
773
651
724
806
657
676
689
760
600
640
680
720
760
800
840
880
1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4
horizontal                               vertical 
    tones
R
T
 i
n
 m
s
smaller
larger
 
Figure 3.3a/b Mean reaction times illustrating the interaction of stim × distance × alignment × magnitude 
decision, for number words (a) and tones (b).  
 
 
 
Three-way interaction: the marginally significant interaction of stim × alignment 
× compatibility, F(1, 15) = 3.59, p < .078, revealed an alteration of the compatibility 
effects depending on the type of stimuli and stimulus alignment. Number word 
judgment was slower on average in the incompatible condition in both alignments, 
whereas during tone judgment only the vertical alignment elicited such a compatibility 
effect (Figure 3.4). 
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Figure 3.4 Mean reaction times illustrating the interaction of stim × alignment × compatibility, for 
number words and tones. 
 
 
Post-hoc t-tests revealed a significant compatibility effect for number words in 
both alignments, vertical, t(15) = 3.85, p(one sided) = .001 and horizontal, t(15) = 2.06, 
p(one sided) = .029. For tones, a significant compatibility effect was found in the 
vertical alignment, t(15) = 2.03, p(one sided) = .03, but not in the horizontal alignment, 
t(15) = -.29, p = .78.  
The significant interaction of stim × distance × magnitude decision, F(3,45) = 
7.87, p < .0001, showed as well a modulation of the obvious distance effects depending 
on the type of stimuli and the type of magnitude decision. Almost logarithmic trends 
were observed in both conditions for tones, with increasing RTs the smaller the distance 
from the reference standard became. For number words again, there was a parabolic 
shape of the mean RT curve with distance from the standard in the larger decision 
condition. This interaction was analysed further with polynomial contrasts for number 
words and tones separately. Showing significant linear trends for tones, F(1,5) = 11.83, 
p < .004, but significant quadratic and cubic trends for number words (quadratic: F(1,5) 
= 5,25, p < .034; cubic: F(1,5) = 7.11, p < .018). For tones, the decrease of RT with 
increasing distance was steeper for larger magnitude decisions. For number words, the 
decrease and subsequent increase of RT with increasing distance was stronger for larger 
magnitude decisions. Because of differences in the non-significant non-linear 
polynomial contrasts, we analysed the distance effect separately for number words and 
tones, as well as separately for larger and smaller magnitude. For tones again, the linear 
trend was significant in the smaller (F(1,5) = 57.73, p < .0001) and larger (F(1,5) = 
57.96, p < .0001) decision condition. For the larger decision condition, an additional 
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significant cubic trend (F(1,5) = 14.86, p < .002) was measured. For number words in 
both, smaller (F(1,5) = 44.10, p < .0001) and larger (F(1,5) = 9.37, p < .008) decision 
conditions, a significant quadratic trend was found, as well as a significant linear trend 
(F(1,5) = 41.11, p < .0001) for the smaller decision condition for number words (Figure 
3.5).   
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Figure 3.5 Mean reaction times illustrating the interaction of stim × distance × magnitude decision, for 
number words and tones, collapsed over both alignment conditions. 
 
 
The significant interaction of compatibility × distance × magnitude decision, 
(F(3,45) = 2.98, p < .041), showed a different alteration of the distance effects 
depending on the type of magnitude decision and compatibility, collapsed over both 
type of stimuli. An approximately linear trend was found with increasing RT, the 
smaller the distance from the reference standard became. Only in the compatible 
condition, distance two of the smaller decision condition was nearly the same as 
distance one. In the incompatible condition, the larger decision condition resulted in a 
parabolic trend for mean RT with numerical distance (Figure 3.6). 
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Figure 3.6 Mean reaction times illustrating the interaction of compatibility × distance × magnitude 
decision, averaged over number words and tones. 
 
 
Two-way interaction: the significant interaction of stim × distance, F(3,45) = 
24.15, p < .0001 (mean RTs for number words and dist 1: 746 ms, for dist 2: 699 ms, 
dist 3: 689 ms and dist 4: 702 ms, mean RTs for tones and dist 1: 790 ms, for dist 2: 716 
ms, dist 3: 662 ms and dist 4: 642 ms), revealed distance effects differentially for both 
type of stimuli. The reaction times increased, the smaller the distance from the reference 
standart was. Tones showed a clear logarithmic trend, while number words revealed a 
parabolic trend (Figure 3.7).  
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Figure 3.7 Mean reaction times illustrating the interaction of stim × distance, for number words and tones. 
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The significant interaction of distance × magnitude decision, F(3,45) = 6.17, p < 
.001 (mean RT for the smaller decision condition and dist. 1: 754 ms, for dist. 2: 695 
ms, dist. 3: 684 ms, dist. 4: 667 ms on average; mean RTs for the larger decision 
condition and dist. 1: 781 ms, for dist. 2: 721 ms, dist. 3: 664 ms, dist. 4: 678 ms), 
revealed a modulation of the distance effects depending on the type of magnitude 
decision, collapsed over both type of stimuli (Figure 3.8).  
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Figure 3.8 Mean reaction times illustrating the interaction of distance × magnitude decision, averaged 
over number words and tones. 
 
 
In addition, several significant main effects were found. The effect of stim, 
F(1,15) = .11, ns (number word comparison times 711 ms on average versus mean RTs 
of 717 ms for tone comparison task) did not reach significance, suggesting that the 
number word and tone tasks were equally difficult on average (Figure 3.9).  
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Figure 3.9 Mean reaction times illustrating the main effect of stim, for number words and tones. 
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The compatibility effect, F(1,15) = 16.72, p < .001 (mean for incompatible 
conditions was 716 ms versus 691 ms for the compatible condition on average) turned 
out to be significant (Figure 3.10). 
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Figure 3.10 Mean reaction times illustrating the main effect of compatibility, averaged over number 
words and tones. 
 
 
When examining the compatibility effect separately for number words and tones 
(interaction of compatibility × stim), the Comp effect for number words remained 
significant, F(1, 15) = 12.83, p < .003 (mean for numbers comp. condition: 690 ms 
versus 728 ms for the incomp. condition in average), whereas the comp effect for tones 
no longer reached significance, F(1,15) = 1.19, p < .29 (mean for tones comp condition: 
692 ms versus 705 ms for the incomp condition in average) (Figure 3.11). 
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Figure 3.11 Mean reaction times illustrating the main effect of compatibility, separately for number words 
and tones. 
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The distance effect, F(3,45) = 43.1, p < .0001 (mean RTs for dist 1: 768 ms, dist 
2: 708 ms, dist 3: 674 ms, dist 4: 673 ms) was significant as well and showed a 
logarithmic trend (Figure 3.12).  
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Figure 3.12 Mean reaction times illustrating the main effect of distance, averaged over number words and 
tones. 
 
 
The effect of magnitude decision, F(1,15) = 3.30, ns (mean for condition larger 
decision was 711 ms versus 700 ms for condition smaller decision) was not significant.  
 
 
3.3.1.2 Error rate results 
Similar two four-way repeated measures analyses of variance (ANOVA) were 
carried out on errors. One ANOVA was collapsed over both alignment conditions, with 
stim (tones, number words), compatibility (comp, incomp), distance from the reference 
(1-4) and magnitude decision (larger, smaller) as factors. The other ANOVA analysis 
was collapsed over both compatibility conditions, with stim (tones, number words), 
distance from the reference (1-4), magnitude decision (larger, smaller) and hand-body-
alignment (horizontal/vertical) as factors. We adopted for all ANOVA tests a 
significance level of .05. In addition, for hypothesis-driven one-sided t-tests we divided 
the given p-values by two.  
Four-way interaction: the significant interaction of stim × alignment × distance 
× magnitude decision, F(3,45) = 6.21, p < .04, mirrored a modulation of the distance 
effects depending on the type of stimuli, type of magnitude decision and stimulus 
alignment. Tones revealed higher error rates and clear distance effects in both 
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alignments (except: vertical/smaller, distance 3), while number words showed lower 
error rates and no clear trends (see Figures 3.3-13a/b).  
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Figure 3.13a/b Mean error rates illustrating the interaction of stim × distance × alignment ×  
magnitude decision, for number words (a) and tones (b) 
 
 
Three-way interaction: the significant interaction of stim × distance × magnitude 
decision showed, F(3,45) = 5.86, p < .002, revealed again distance effects, this time 
depending only on the type of stimuli and type of magnitude decision. A significant 
logarithmic trend was found for tones in both, the smaller and larger condition, with 
increasing error-rates, the smaller the distance from the reference standard was. For 
number words, the smaller condition had a cubic shape and the larger condition did not 
show any trend. This interaction was analysed further with polynominiale contrasts for 
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number words and tones separately. Showing a significant linear trend for tones, F(1,5) 
= 7.36, p < .016 and a marginally significant cubic trend for number words, F(1,5) = 
4.45, p < .052. For tones, the decrease of RT with increasing distance was steeper for 
larger magnitude decisions. For number words, differences in error rates were much 
smaller compared to tones, although a parabolic trend was visible for smaller magnitude 
decisions. Because of differences in the non significant, non-linear polynomial 
contrasts, we analysed the distance effect separately for number words and tones, as 
well as separately for larger and smaller magnitude. For tones, the linear and quadratic 
trend was significant for the small (linear: F(1,5) = 22.65, p < .0001, quadratic: F(1,5) = 
6.02, p < .027) and the larger (linear: F(1,5) = 33.34, p < .0001, quadratic: F(1,5) = 
15.77, p < .001) decision condition. For number words, the only significant cubic trend 
was found for larger (F(1,5) = 9.07, p < .009) decision conditions (Figure 3.14). 
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Figure 3.14 Mean error rates illustrating the interaction of stim × distance × magnitude decision, for 
number words and tones. 
 
 
The significant three-way interaction of stim × compatibility × distance, F(3,45) 
= 3.78, p < .017, showed distance effects depending on the type of stimuli and 
compatibility. For tones, we again found a logarithmic trend with increasing error-rates, 
the smaller the distance from the reference standard became and with a higher error rate 
for the incompatible condition, except distance 3 and 4. For numbers we found no 
visual trend (Figure 3.15). 
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Figure 3.15 Mean error rates illustrating the interaction of stim × compatibility × distance, for number 
words and tones. 
 
 
Two-way interaction: the significant interaction of stim × distance, F(3, 45) = 
19.79, p < .0001 (mean error for number words and dist 1: 13, 7 %, for dist 2: 9, 7 %, 
dist 3: 13, 4 % and dist 4: 12, 0 %, mean error for tones and dist 1: 58, 8 % , for dist 2: 
21, 6 %, dist 3: 13, 8 % and dist 4: 5, 0 %), revealed an alteration of the distance effects 
differentially for both type of stimuli. An increasing linear trend for tones was found, 
the smaller the distance from the reference standard became. Number words retained 
nearly the same error-rate in all distances (Figure 3.16).  
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Figure 3.16 Mean error rates illustrating the interaction of stim × distance, for number words and tones. 
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Significant main effects: the effect of stim, F(1,15) = 15.36, p < .001 (mean 
error 23, 5 % for number words comparison times vs. 41, 6 % for tone comparison 
times) was significant (Figure 3.17). 
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Figure 3.17 Mean error rates illustrating the main effect of stim, for number words and tones. 
 
 
 The effect of compatibility, F(1,15) = 0.16, ns (mean error 34, 8 % in 
incompatible conditions versus 34, 0 % in compatible conditions), was similar for 
number words and tones (there was no interaction between stim and compatibility, 
F(1,15) = 0.47, p < .50). 
 The distance effect, F(3,45) = 27.92, p < .0001 (mean error dist 1: 36, 3 %, dist 
2: 15, 6 %, dist 3: 13, 6 %, dist 4: 8, 5 %), was significant (Figure 3.18).  
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Figure 3.18 Mean error rates illustrating the main effect of distance, averaged over number words and 
tones. 
 
 
The effect of magnitude decision, F(1,15) = 3.78, ns (mean 16, 0 % condition 
smaller and 20, 9 % for condition larger) did not reach significance.  
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3.3.2 fMRI results (Image processing and data analysis) 
3.3.2.1 Contrasts vs. baseline  
In a first analysis, we studied the (simple) main effect contrasts vs. baseline for 
every level resp. level combination (tones, number words, number words compatible, 
number words incompatible, tones compatible, tones incompatible) at a voxelwise 
threshold fixed at p < 0.0001. For the main effect of number words, we found 
activations in the left anterior inferior parietal lobule (BA 40), left postcentral gyrus, left 
superior temporal gyrus (BA 41), right superior temporal gyrus (BA 22, 21) and right 
anterior cingulate gyrus (BA 32) (see Table/Image 3.1).  
 
 
       
              
Contrast Brain region (BA) 
   TC (x, y, z)  
Cluster 
size 
Z 
score 
              
       
number words LH ant. inferior parietal lobule (BA 40) -44 -25 49 76 4.82 
 LH postcentral gyrus (BA 3, 1, 2) -32 -28 64 5 3.88 
       
 RH superior temporal gyrus (BA 22, 21) 48 -16 -3 171 5.45 
  59 11 -4 5 4.03 
 LH superior temporal gyrus, (BA 41, 42) -48 -23 16 270 5.55 
 RH insula (BA 13) 40 4 3 17 4.35 
       
 RH anterior cingulate gyrus (BA 32) 12 18 43 40 4.82 
              
all compared vs. baseline,  p < .0001 uncorrected, Z score in bold = fett, if FDR-correction: p < .05    
Table/Image 3.1 Group analysis (n = 16) of the main contrast of number words measured vs. baseline. 
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For the main effect of tones, activations in the left anterior inferior parietal 
lobule (BA 40), bilateral superior temporal gyrus (left more than right, BA 22), right 
superior frontal gyrus (BA 6) and left parahippocampal gyrus were found (Table/Image 
3.2). 
 
 
       
              
Contrast Brain region (BA) 
   TC (x, y, z)  
Cluster 
size Z score 
              
       
tones LH ant. inferior parietal lobule (BA 40) -51 -29 49 31 4.65 
       
 LH superir temporal gyrus (BA 22) -48 4 -4 230 5.30 
 RH superior temporal gyrus (BA 38) 51 -4 -7 93 5.31 
       
 RH superior frontal gyrus (BA 6) 4 -1 66 11 4.23 
       
 LH parahippocampal gyrus (BA 38, 28) -20 -4 -10 14 5.00 
              
all were measured vs. baseline,  p < .0001 uncorrected, Z score in bold = fett, if FDR-correction: p < .05 
Table/Image 3.2 A group analysis (n = 16) of the main contrast of tones measured vs. baseline. 
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Number words incompatible revealed activations in the left anterior inferior 
parietal lobule (BA 40), right postcentral gyrus (BA 40), strong left superior temporal 
gyrus (BA 41), right superior temporal gyrus and insula, left cingulated gyrus and left 
precentral gyrus (BA 6, 4) (Table/Image 3.3).  
 
 
              
       
Contrast Brain region (BA) 
   TC (x, y, z)  
Cluster 
size 
Z 
score 
              
       
number words   LH ant. inferior parietal lobule (BA 40) -55 -29 46 46 4.64 
incompatible  RH postcentral gyrus (BA 40) 67 -22 20 6 4.49 
       
 LH superior temporal gyrus (BA 41) -48 -23 12 205 5.31 
 RH superior temporal gyrus (BA 41, 22) 51 -23 5 104 5.29 
  59 11 -4 10 4.24 
 RH insula 40 4 -0 7 4.34 
       
 LH cingulate gyrus (BA 24) -8 -1 48 29 4.84 
       
 LH precentral gyrus (BA 6, 4) -32 -12 67 5 5.05 
  -32 -17 52 6 4.96 
              
all were measured vs. baseline,  p < .0001 uncorrected, Z score in bold = fett, if FDR-correction: p < .05 
Table/Image 3.3 A group analysis (n = 16) of the main contrast of number words incompatible measured 
vs. baseline. 
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During number words compatible, the left anterior inferior parietal gyrus was 
activated, as well as the left superior temporal gyrus (BA 41) and the right superior 
temporal gyrus (BA 22) (Table/Image 3.4). 
 
 
       
              
Contrast Brain region (BA) 
   TC (x, y, z)  
Cluster 
size 
Z 
score 
              
       
number words   LH ant. inferior parietal lobule (BA 40) -48 -29 49 59 5.05 
Compatible        
 RH superior temporal gyrus ( BA 22) 55 -19 1 124 5.37 
 LH superior temporal gyrus (BA 41) -48 -23 16 204 5.63 
       
 LH posterior hippocampus  -28 -42 6 40 4.63 
              
all were measured vs. baseline,  p < .0001 uncorrected, Z score in bold = fett, if FDR-correction: p < .05 
Table/Image 3.4 A group analysis (n = 16) of the main contrast of number words compatible measured 
vs. baseline. 
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For tones, the incompatible condition activated quite similar regions: the 
anterior inferior parietal lobule (BA 40, bilateral), the right postcentral gyrus (BA 40), 
the left superior temporal gyrus (BA 41) and the right superior temporal gyrus (BA 22, 
but weaker) (Table/Image 3.5). 
 
 
       
              
Predictor Brain region (BA) 
   TC (x, y, z)  
Cluster 
size 
Z 
score 
              
       
tones incompatible LH ant. inferior parietal lobule (BA 40) -51 -29 49 10 4.02 
 RH ant. inferior parietal lobule (BA 40) 51 -36 57 6 4.39 
 RH postcentral gyrus (BA 40) 67 -19 16 6 4.24 
       
 LH superior temporal gyrus (BA 41) -40 -27 12 132 5.48 
 RH superior temporal gyrus (BA 22) 55 -16 1 31 4.72 
              
all were measured vs. baseline,  p < .0001 uncorrected, Z score in bold = fett, if FDR-correction: p < .05 
Table/Image 3.5 A group analysis (n = 16) of the main contrast of tones incompatible measured vs. 
baseline. 
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In the compatible condition for tones, again bilateral anterior inferior parietal 
activations (BA 40), this time left postcentral, and again stronger left superior temporal 
and right superior temporal (BA 22) activations were found. New activations were 
observed in the right superior frontal gyrus (BA 6) and left parahippocampal gyrus 
(Table/Image 3.6). 
 
 
       
              
Predictor Brain region (BA) 
   TC (×, y, z)  
Cluster 
size 
Z 
score 
              
       
tones compatible LH ant. inferior parietal lobule (BA 40) -51 -32 53 12 4.98 
 RH ant. inferior parietal lobule (BA 40) 40 -37 39 7 4.70 
 LH postcentral gyrus (BA 3) -40 -21 49 7 4.07 
       
 RH superior temporal gyrus (BA 22) 48 -16 -3 25 4.30 
  55 11 -4 12 4.13 
 LH superior temporal gyrus (BA 41) -40 -27 5 122 4.74 
       
 RH superior frontal gyrus (BA 6) 8 7 62 7 4.31 
 RH lingual gyrus (BA 18) 8 -63 -7 32 4.43 
       
 LH parahippocampal gyrus, amygdala -32 -4 -10 12 4.45 
              
all were measured vs. baseline,  p < .0001 uncorrected, Z score in bold = fett, if FDR-correction: p < .05 
Table/Image 3.6 A group analysis (n = 16) of the main contrast of tones compatible measured vs. 
baseline. 
 
 
3.3.2.3 Masked contrasts between experimental conditions and vs. baseline 
In a second analysis, we examined masked contrasts between experimental 
conditions (number words versus tones, tones versus number words, number words 
comp versus number words incomp, number words incomp versus number words comp 
and tone comp versus tone incomp, tone incomp versus tone comp) to detect effects of 
interference at a more liberal voxelwise threshold fixed at p < 0.05, since the expected 
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differences in inactivation between “close” conditions will be smaller. The contrasts 
were masked in order to exclude potential differences due to deactivations. In the 
masked contrast number words > tones, activations in the left anterior inferior parietal 
cortex (BA 40), left postcentral gyrus (BA 5), left paracentral lobule (BA 3), right 
superior temporal lobule (BA 22), left superior frontal gyrus (BA 6), as well as in the 
bilateral middle frontal gyrus (BA 6) and bilateral cingulated gyrus (left: BA 32, right: 
34, 31) were found (Table/Image 3.7). 
 
 
              
       
Contrast Brain region (BA) 
   TC (x, y, z)  
Cluster 
size 
Z 
score 
       
              
number words > tones   LH ant. inferior parietal lobule (BA 40) -40 -26 27 364 3.51 
 LH postcentral gyrus (BA 5) -20 -43 68 20 2.69 
 LH paracentral lobule (BA 3) -16 -36 53 12 2.20 
       
 RH superior temporal gyrus (BA 22) 55 -27 5 297 3.80 
       
 LH superior frontal gyrus (BA 6) -16 -20 67 24 3.40 
 LH middle/medial frontal gyrus (BA 6) -24 -10 41 17 3.06 
  -8 -1 48 9 2.66 
 RH middle frontal gyrus (BA 6) 40 -5 52 10 2.19 
       
 LH anterior cingulate  (BA 32) -16 32 24 15 2.94 
 RH cingulate gyrus (BA 24, 31) 4 9 29 8 2.76 
  20 -18 34 10 2.54 
  20 -33 31 35 2.60 
              
all:  p < .05 uncorrected, masked, Z score in bold = fett, if FDR-correction: p < .05 
Table/Image 3.7 A group analysis (n = 16) of the contrast between the experimental condition of number 
words vs. tones, masked by the main contrast of number words. 
 
 
In the masked contrast tones > number words, activations in the bilateral inferior 
parietal lobule (BA 40), the bilateral superior temporal gyrus (BA 22, 29), as well as in 
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the left middle temporal gyrus (BA 21) were found. Several foci of activation in the 
frontal cortex were found, such as the bilateral middle frontal gyrus (BA 9, 10, 11) and 
the left inferior frontal gyrus (BA 47). Additionally, the parahippocampal gyrus (BA 
30) was activated (Table/Image 3.8). 
 
 
              
       
Contrast Brain region (BA) 
   TC (x, y, z)  
Cluster 
size 
Z 
score 
       
              
tones > number words LH inferior parietal lobule (BA 40) -40 -56 54 11 2.17 
 RH inferior parietal lobule (BA 40) 36 -41 39 72 2.94 
       
 LH superior temporal gyrus (BA 22) -51 12 3 8 2.77 
  -32 -53 21 9 2.58 
 LH middle temporal gyrus (BA 21) -36 -1 -23 7 3.25 
  -44 -5 -13 5 2.42 
 RH superior temporal gyrus (BA 41) 48 -34 16 5 2.73 
       
 LH middle frontal lobule (BA 9) -32 20 21 6 2.22 
 LH inferior frontal gyrus (BA 47) -20 15 -14 118 4.26 
 RH medial/middle frontal gyrus (BA 9,  36 43 13 50 3.28 
  10, 11) 24 38 -9 6 1.94 
  4 37 31 155 3.81 
       
 RH parahippocampal gyrus (BA 30) 28 -50 6 6 2.39 
              
all:  p < .05 uncorrected, masked, Z score in bold = fett, if FDR-correction: p < .05 
Table/Image 3.8 A group analysis (n = 16) of the contrast between the experimental condition of tones vs. 
number words, masked by the main contrast of tones. 
 
 
Activations stronger for number words incompatible versus compatible (masked 
contrast) were found in the bilateral anterior inferior parietal lobule (stronger left, BA 
40), the left postcentral gyrus (BA 3), the bilateral temporal (right superior temporal: 
BA 22, left: BA 21, 22), bilateral superior frontal gyrus (BA 6), bilateral middle/medial 
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frontal gyrus (BA 6), right inferior frontal gyrus (BA 47, 44), right posterior cingulated 
(BA 23) and bilateral parahippocampal gyrus (BA 35) (Table/Image 3.9). 
 
 
       
              
Contrast Brain region (BA) 
   TC (x, y, z)  
Cluster 
size 
Z 
score 
              
       
number words  LH ant. inferior parietal lobule (BA 40) -59 -37 28 128 3.41 
incompatible  RH ant. inferior parietal lobule (BA 40) 63 -33 38 40 3.06 
> number words   40 -44 50 20 2.62 
compatible LH postcentral gyrus (BA 3) -63 -11 23 5 2.42 
       
 LH insula (BA 13) -44 5 15 6 2.48 
 LH temporal lobe (BA 21, 22)  36 -50 6 12 3.25 
 RH insula (BA 47, 13) 32 16 3 10 3.77 
 RH superior temporal gyrus (BA 22) 51 -16 -3 10 3.07 
       
 LH superior frontal gyrus (BA 6) -4 10 44 25 2.81 
 LH precentral gyrus (BA 6) -28 -16 60 5 1.89 
 LH middle/medial frontal gyrus (BA 6) -36 -5 52 13 2.69 
  -4 -12 67 8 2.68 
 RH superior frontal gyrus (BA 6) 20 3 70 39 3.69 
 RH middle frontal gyrus (BA 6) 48 2 48 7 2.45 
 RH inferior frontal gyrus (BA 47, 44) 20 27 -5 9 2.36 
  51 16 -1 7 2.19 
  51 9 22 5 2.95 
       
 RH posterior cingulate (BA 23) 8 -34 20 50 2.93 
       
 LH parahippocampal gyrus (BA 35) -20 -20 -12 5 2.22 
  -36 -5 -17 7 2.44 
 RH parahippocampal gyrus (BA 35) 16 -24 -12 7 2.84 
  36 -12 -13 8 2.19 
              
all: p < .05 uncorrected, masked, Z score in bold = fett, if FDR-corrected p < .05 
Table/Image 3.9 A group analysis (n = 16) of the contrast between the experimental condition of number 
words incompatible vs. number words compatible, masked by the main contrast of number words 
incompatible.  
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For number words compatible versus incompatible (masked contrast), bilateral 
postcentral (BA 1, 2, 3), bilateral superior temporal (BA 22), middle temporal, bilateral 
frontal/precentral (BA 6), right cingulated (BA 23) and left parahippocampal (BA 34, 
37) activations were stronger (Table/Image 3.10). 
 
 
       
              
Contrast Brain region (BA) 
   TC (x, y, z)  
Cluster 
size 
Z 
score 
              
       
number words  LH postcentral gyrus (BA 1, 2, 3) -51 -25 53 14 2.82 
 compatible   -55 -18 30 21 2.57 
> number words   -16 -39 68 7 2.42 
incompatible LH paracentral lobule (BA 5) -20 -44 57 8 2.08 
 RH postcentral gyrus 36 -18 30 12 2.53 
       
 LH superior temporal gyrus (BA 22, 42,  -48 4 -7 6 2.69 
  39) -59 -27 9 9 2.16 
  -32 -53 25 24 3.71 
 LH middle temporal gyrus  -48 -35 -5 13 4.03 
 LH insula (BA 13) -44 8 3 9 2.43 
 RH superior temporal gyrus (BA 22, 13) 59 -4 4 14 2.69 
  44 -1 -13 8 2.35 
       
 LH precentral gyrus (BA 6) -48 -4 8 7 2.43 
 LH medial frontal lobule -28 -2 30 13 3.57 
 RH inferior frontal lobule 28 35 9 10 3.01 
       
 RH cingulate gyrus (BA 23) 12 -22 31 7 2.16 
       
 LH parahippocampal gyrus (BA 34, 37) -16 -1 -13 8 2.95 
              
all: p < .05 uncorrected, masked, Z score in bold = fett, if FDR-corrected p < .05 
Table/Image 3.10 A group analysis (n = 16) of the contrast between the experimental condition of number 
words compatible vs. number words incompatible, masked by the main contrast of number words 
compatible.  
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For the incompatible tone condition (masked contrast), as well anterior inferior 
parietal activations (BA 40) were stronger, but to a lesser extend compared to the 
number incompatible condition. The postcentral gyrus (BA 2), right superior temporal 
gyrus (BA 41), left superior and middle frontal gyrus (BA 6) and left cingulated gyrus 
(BA 24, 32) elicited stronger activations (Table/Image 3.11). 
 
 
       
              
Predictor Brain region (BA) 
   TC (x, y, z)  
Cluster 
size 
Z 
score 
              
       
tones incompatible  LH ant. inferior parietal lobule (BA 40) -48 -30 27 13 2.99 
> tones compatible LH postcentral gyrus (BA 2) -32 -26 31 14 2.37 
       
 RH superior temporal gyrus (BA 41) 36 -39 6 15 2.86 
       
 LH superior frontal gyrus (BA 6) -4 7 59 11 2.82 
 LH middle frontal gyrus (BA 6) -20 -13 56 9 2.38 
       
 LH cingulate gyrus (BA 24, 32) -20 2 40 13 2.74 
  -12 9 33 7 2.29 
              
all: p < .05 uncorrected, masked, Z score in bold = fett, if FDR-corrected p < .05 
Table/Image 3.11 A group analysis (n = 16) of the contrast between the experimental condition of tones 
incompatible vs. tones compatible, masked by the main contrast of tones incompatible. 
 
 
The compatible vs. incompatible tone condition (masked contrast) showed only 
right inferior parietal activations (BA 40) and left postcentral activations (BA 2, 3), but 
bilateral superior (BA 38) and middle (BA 21) temporal, bilateral superior (BA 6), 
middle (BA 6, 10, 11) and inferior (BA 47, 9) frontal and bilateral parahippocampal 
activations (Table/Image 3.12).  
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Predictor Brain region (BA) 
   TC (x, y, z)  
Cluster 
size 
Z 
score 
              
       
tones compatible  RH inferior parietal lobule (BA 40) 48 -48 58 5 1.82 
> tones incompatible  36 -29 35 66 3.16 
 LH postcentral gyrus (BA 2, 3) -48 -21 42 8 2.48 
  -63 -18 38 5 2.54 
       
 LH superior temporal gyrus (BA 13, 38) -44 -42 21 6 2.64 
  -44 7 -21 11 2.36 
 LH middle temporal gyrus (BA 21) -55 -28 -12 6 3.73 
 LH insula (BA 40) -48 -23 16 20 2.93 
 RH superior temporal gyrus (BA 38) 51 19 -14 35 3.64 
 RH middle temporal gyrus (BA 21) 55 -20 -16 13 3.46 
  44 -5 -23 6 2.59 
  63 -43 -8 20 2.54 
       
 LH precentral gyrus (BA 4) -12 -24 71 5 3.11 
 LH superior frontal gyrus (BA 6) -16 -1 66 8 2.34 
 LH middle/medial frontal gyrus (BA 6, -32 3 55 16 3.51 
  11, 9) -44 42 -16 6 2.39 
  -12 33 32 9 2.83 
 LH inferior frontal gyrus (BA 47) -48 23 -11 10 2.18 
  -51 31 -5 15 2.63 
 RH precentral gyrus (BA 6) 63 4 11 21 3.13 
 RH superior frontal gyrus (BA 6, 11) 4 11 66 5 3.19 
  20 0 70 12 2.87 
  20 54 -13 23 2.60 
 RH middle/medial frontal gyrus (BA 6,  48 14 47 23 3.15 
  10) 36 35 9 12 2.72 
  4 48 34 15 2.87 
 RH inferior frontal gyrus (BA 9, 44) 48 6 33 54 3.36 
  48 1 15 5 2.01 
       
 LH parahippocampal gyrus (BA 35) -16 -20 -12 10 2.59 
 RH parahippocampal gyrus (BA 37, 28) 36 -39 -5 5 2.53 
  28 -24 -9 21 3.43 
              
all: p < .05 uncorrected, masked, Z score in bold = fett, if FDR-corrected p < .05 
Table/Image 3.12 A group analysis (n = 16) of the contrast between the experimental condition of tones 
compatible vs. tones incompatible, masked by the main contrast of tones compatible. 
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Expecting stronger activations for small distances compared to larger distances, 
we examined distance effects separately for tones in the vertical alignment and numbers 
in the horizontal alignment, using masked contrasts of small or larger distances vs. 
baseline (number words horizontal dist small, number horizontal dist larger and tones 
vertical dist small, tones vertical dist larger) at a lower voxelwise threshold fixed at p < 
0.05. Only compatible alignments (number words/ horizontal and tones/vertical) are 
presented because incompatible alignments (number words/ vertical and 
tones/horizontal) did not show coherent results.  
The contrast of number words horizontal distance small showed much more 
activations as the “larger” contrast: bilateral inferior parietal (BA 40), left postcentral 
(BA 40), strong bilateral superior frontal (BA 6), bilateral middle frontal (le BA 6, ri 
BA 10) and right inferior frontal activations. Additionally, there were bilateral 
precentral (BA 4, 6), bilateral superior temporal (left as secondary maxima) and left 
parahippocampal activations (Table/Image 3.13). 
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Contrast Brain region (BA) 
   TC (x, y, z)  
Cluster 
size 
Z 
score 
              
       
number words  LH inferior parietal lobule (BA 40) -55 -22 31 40 3.30 
horizontal   -28 -48 58 29 3.11 
distance small  -32 -45 35 6 2.23 
primary maxima RH inferior parietal lobule (BA 40) 44 -36 53 78 3.15 
       
 LH postcentral gyrus (BA 40) -51 -23 16 323 4.91 
       
 LH superior frontal gyrus (BA 6) -8 -5 63 288 4.27 
 LH middle frontal gyrus (BA 6, 9) -28 -1 48 5 2.48 
  -28 9 29 10 2.61 
 RH superior frontal gyrus (BA 6, 8, 9) 8 30 50 7 2.56 
  28 56 27 7 1.98 
 RH middle frontal gyrus (BA 10) 32 32 9 5 2.39 
 RH inferior frontal gyrus (BA 47, 45) 28 27 -8 5 2.46 
  20 24 17 7 2.34 
       
 LH precentral gyrus (BA 4) -12 -31 75 7 2.34 
 RH precentral gyrus (BA 6) 63 -10 30 6 2.72 
       
 RH superior temporal gyrus (BA 22, 41, 40 -16 -3 206 3.40 
  13) 36 -27 9 6 1.92 
       
 LH parahippocampal gyrus (BA 34, 37) -16 -1 -10 24 2.71 
 RH lingual gyrus (BA 18) 8 -70 -10 6 2.74 
       
secondary macima LH superior temporal gyrus (BA 22) -63 -27 5  4.03 
              
all: p < .05 uncorrected, masked, Z score in bold = fett, if FDR-correction: p < .05 
Table/Image 3.13 A group analysis (n = 16) of the main contrast of number words horizontal distance 
small measured vs. basline, masked by the main contrast of number words horizontal. 
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For the number words horizontal distance larger contrast, no parietal activations 
were elicited. Visible were only activations in the left superior temporal gyrus, right 
insula, bilateral parahippocampal gyrus and left posterior cingulated gyrus (Table/Image 
3.14).  
 
 
       
              
Contrast Brain region (BA) 
   TC (x, y, z)  
Cluster 
size 
Z 
score 
              
       
number words horizontal  LH superior temporal gyrus (BA 29, 41) -32 -34 13 7 2.35 
distance larger RH insula (BA 13) 28 -26 27 15 2.93 
       
 LH parahippocampal gyrus (BA 30) -28 -50 10 5 2.95 
 RH parahippocampal gyrus (BA 30) 24 -42 9 7 2.83 
       
 LH posterior cingulate (BA 29) -16 -42 17 5 2.41 
              
all: p < .05 uncorrected, masked, Z score in bold = fett, if FDR-correction: p < .05 
Table/Image 3.14 A group analysis (n = 16) of the main contrast of number words horizontal distance 
larger measured vs. basline, masked by the main contrast of number words horizontal. 
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Also for tones, predominant activations in the “small” condition (tones vertical 
distance small) were found: bilateral inferior parietal (BA 40), bilateral middle frontal 
(BA 6, 8, 9), bilateral inferior frontal (le BA 47, right BA 45, 13), bilateral temporal 
(left superior temporal and insula; right middle temporal gyurs), bilateral anterior 
cingulated gyrus (BA 32) and right parahippocampal gyrus (Table/Image 3.15).  
 
 
       
              
Predictor Brain region (BA) 
   TC (x, y, z)  
Cluster 
size 
Z 
score 
              
       
tones vertikal distance  LH inferior parietal lobule (BA 40) -40 -55 58 10 3.37 
small RH inferior parietal lobule (BA 40) 44 -37 39 63 3.96 
       
 LH middle frontal gyrus (BA 6, 8, 9) -28 -13 49 11 2.48 
  -32 10 36 8 2.26 
  -55 17 25 6 2.96 
 LH inferior frontal gyrus (BA 47) -32 19 -4 72 3.69 
 RH middle frontal gyrus (BA 6, 9) 8 22 43 238 4.43 
  51 13 25 38 3.04 
 RH inferior frontal gyrus (BA 45, 13) 28 24 6 187 3.58 
       
 LH superior temporal gyrus (BA 13) -51 -42 21 6 2.51 
 LH insula (BA 13) -32 -34 20 9 2.32 
 LH temporal lobe (BA 20) -40 -13 -20 10 2.98 
 RH middle temporal gyrus (BA 20) 48 -32 -9 16 3.22 
       
 LH anterior cingulate gyrus (BA 32) -12 21 28 17 3.83 
 RH anterior cingulate gyrus (BA 32) 12 25 25 15 3.85 
 RH cingulate gyrus (BA 31) 16 -38 24 5 3.05 
       
 RH parahippocampal gyrus (BA 30) 12 -39 -11 6 2.15 
              
all: p < .05 uncorrected, masked, Z score in bold = fett, if FDR-correction: p < .05 
Table/Image 3.15 A group analysis (n = 16) of the main contrast of tones vertical distance small measured 
vs. baseline, masked by the main contrast of tones vertical. 
 
 
 
Present study                                                                                                                 105 
 
 
 
In the contrast tones vertical distance larger, only primary activations in the 
bilateral postcentral gyrus (BA 1, 3) were found. As secondary maxima the right 
inferior parietal lobule (BA 40) and bilateral superior temporal gyrus (BA 22) were 
activated (Table/Image 3.16).  
 
 
       
              
Predictor Brain region (BA) 
   TC (x, y, z)  
Cluster 
size 
Z 
score 
              
       
tones vertical distance  LH postcentral gyrus (BA 1, 3) -55 -13 49 10 4.21 
larger  -32 -32 53 5 2.09 
primary maxima RH postcentral gyrus (BA 1, 3) 63 -18 38 108 3.24 
       
secondary maxima RH inferior parietal lobule (BA 40) 67 -18 30  3.22 
       
 LH superior temporal gyrus (BA 22, 21) -55 -8 0  3.01 
 RH superior temporal gyrus (BA 22) 59 -7 8  3.18 
              
all: p < .05 uncorrected, masked, Z score in bold = fett, if FDR-correction: p < .05 
Table/Image 3.16 A group analysis (n = 16) of the main contrast of tones vertical distance larger 
measured vs. basline, masked by the main contrast of tones vertical. 
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3.3.2.3 Conjunction analysis 
Finally, different conjunctions were computed for the main effect contrasts: 
tones conjugated with number words (tones ∩ number words) at a voxelwise threshold 
fixed at p < 0.0001. As well as number words incomp ∩ tone incomp and number words 
comp ∩ tones comp at a voxelwise threshold fixed at p < 0.001.  
In the conjunction of tones ∩ number words, activation foci persisted in the left 
anterior inferior parietal lobule (BA 40), right superior temporal gyrus (BA 22) and 
stronger in the left insula (BA 13) (Table/Image 3.17).  
 
 
              
       
Contrast Brain region (BA) 
   TC (x, y, z)  
Cluster 
size 
Z 
score 
       
              
Conjuction:  LH ant. inferior parietal lobule (BA 40) -51 -29 49 27 4.65 
number words with        
tones  RH superior temporal gyrus (BA 22) 55 -16 1 61 5.23 
 LH insula (BA 13) -44 -3 11 177 4.91 
       
 LH hippocampus -32 -43 2 5 4.04 
              
all:  p < .0001 uncorrected, Z score in bold = fett, if FDR-correction: p < .05 
Table/Image 3.17 A conjunction analysis of the main contrast of tones and number words. 
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The conjunction analysis of number words incomp ∩ tone incomp showed 
activations in the left anterior inferior parietal lobule (BA 40), bilateral superior 
temporal gyrus (BA 22, 41), right superior frontal gyrus (BA 6) and left 
parahippocampal gyrus (BA 30) (Table/Image 3.18).  
 
 
              
       
Predictor Brain region (BA) 
   TC (x, y, z)  
Cluster 
size 
Z 
score 
              
       
Conjunction:  LH ant. inferior parietel lobule (BA 40) -51 -29 49 99 4.02 
number words        
incompatible  RH superior temporal gyrus  (BA 22) 55 -16 1 144 4.72 
with tones  LH superior temporal gyrus (BA 42, 41) -59 -15 15 274 4.94 
incompatible       
 RH superior frontal gyrus  (BA 6) 4 -1 66 23 3.74 
       
 LH parahippocampal gyrus  (BA 30) -24 -38 9 53 4.46 
              
all:  p < .001 uncorrected, Z score in bold = fett, if FDR-correction: p < .05 
Table/Image 3.18 A conjunction analysis of the main contrast of tones incompatible and number words 
incompatible. 
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The conjunction analysis of number words comp ∩ tones comp activated the 
following regions: left anterior inferior parietal cortex (BA 40), right superior temporal 
gyrus (BA 22), left insula (BA 22), left medial frontal gyrus (BA 6), left precentral 
gyrus (BA 6) and the left cingulated gyrus (Table/Image 3.19). 
 
 
              
       
Predictor Brain region (BA) 
   TC (x, y, z)  
Cluster 
size 
Z 
score 
              
       
Conjunction:  LH ant. inferior parietal lobule ( BA 40) -51 -32 53 60 4.63 
number words        
compatible  RH superior temporal gyrus (BA 22) 48 -16 -3 103 4.30 
with tones compatible  59 12 -1 10 3.40 
 LH insula  (BA 22) -40 -23 5 257 4.52 
       
 LH medial frontal gyrus (BA 6) -8 -5 52 14 3.59 
 LH precentral gyrus (BA 6) -32 -12 67 15 4.03 
       
 LH cingulate gyrus (BA 23, 24) -8 -11 23 10 3.82 
              
all:  p < .001 uncorrected, Z score in bold = fett, if FDR-correction: p < .05 
Table/Image 3.19 A conjunction analysis of the main contrast of tones compatible and number words 
compatible. 
 
 
For further information about activations of the basal ganglia, brainstem or 
cerebellum and secondary maxima see SPM outputs in the Appendix. 
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3.4 Discussion 
 
Results will be discussed with respect to our hypothesis and with focus on 
current relevant brain models, beginning at 3.4.2.. After a short overview, first the 
reaction time results will be discussed and second the fMRI results. Finally, a general 
discussion will follow.  
 
 
3.4.1 Overview of findings 
Behavioural results have shown that number words and tones are comparable 
with respect to processing difficulty as far as RT and error frequency are concerned. 
Both, number words and tones have revealed a significant stimulus response-
compatibility effect (SRC effect). Number words showed the SRC-effect in both 
alignments, tones reached significance only in the vertical alignment. Reaction time and 
errors decreased significantly with the distance to the reference standard, confirming the 
existence of a distance effect for both, number words and tones. The trend for tones had 
a logarithmic shape. Number words showed likewise a decreasing trend, only the largest 
distance increased in mean RT. Larger magnitude decisions were slightly more difficult 
than smaller magnitude decisions for both type of stimuli. The compatibility effect and 
the distance effect for number words were significant in both response alignments. 
Tones reached significance in both alignments for the distance effect.  
According to the fMRI results, number words and tones showed both bilateral 
temporal and left anterior inferior parietal activations that were largely overlapping, as 
confirmed by a conjunction analysis. This finding supports the hypothesis of a 
convergence of number word and tone processing, in which anterior inferior parietal 
activation is indicative of magnitude related processing. Additional activations for tones 
in the right superior frontal (BA 6) gyrus were found, which is in line with the longer 
RT for tones, showing them to be less familiar to process.  
The conjunction analysis of tones and number words separately for the 
incompatible resp. compatible condition confirmed an activation network in the left 
anterior inferior parietal cortex, bilateral temporal cortex and right superior frontal gyrus 
(BA 6). Unexpectedly, the compatible conjunction showed slightly more activations in 
response selection/decision areas. However, the main contrast of number words 
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incompatible showed stronger activations for response selection than number words 
compatible. For tones, the compatible condition remained to be activated stronger. For 
tones incompatible/compatible bilateral anterior inferior parietal activations were found. 
A left/right distinction was revealed for tones incompatible vs. compatible and vice 
versa. More difficult (incompatible) tasks activated the left anterior inferior parietal 
gyrus, whereas compatible tasks showed a right hemispheric pattern. As expected, 
smaller distances (more difficult) activated a greater pattern than larger distances, 
observed for number words in the horizontal alignment and for tones in the vertical 
alignment. 
 
 
3.4.2 Behavioural results 
As revealed in the four-way interaction of stimuli × distance × alignment × 
magnitude, reaction time decreased significantly with distance to the reference standard, 
confirming the existence of a distance effect for both, number words and tones. Error 
analysis could confirm the effect only for tones. While number words had a parabolic 
shape, except horizontal/smaller, tones and the main effect of distance followed a 
logarithmical trend for RT results and error rates. The same pattern was revealed by the 
three way interaction of stimuli × distance × magnitude decision, by the two way 
interaction of stimuli × distance and as well by the interaction of distance × magnitude 
decision for RT results. For error rates, only tones showed distance effects.  
A polynomial contrast analysis revealed significant linear trends of RT results 
and error rates for smaller and larger decisions of tones. For number words, significant 
quadratic trends were found for smaller and larger decision condition, but only for RT 
results. Larger decisions (difficult condition) resulted in a stronger distance effect, 
although magnitude decisions were equally difficult for number words and tones.  The 
distance effect was initially found in single-digit comparison tasks, where reaction time 
increased with distance to the reference standard, following a logarithmical function 
(Moyer & Landauer, 1967; Sekuler et al., 1971). Similar distance effects for pitch were 
reported by Rusconi and colleagues (Rusconi et al., 2005; Walker et al., 2000). They 
could show for both alignments (vertical and horizontal) significant distance effects for 
tonal RT and error rates, following a logarithmical trend. In the original interpretation of 
the distance effect, numbers are represented on a mental continuum (mental number 
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line) and the comparison of numbers is processed on an analogically encoded 
representation (Dehaene et al., 1993). One possible explanation for these observations 
might be that different stimuli are aligned on some mental continuum (“flexible mental 
line”) and can be compared according to their distances on that continuum (for different 
stimuli see also Pinel et al., 2004).   
An exception to the decrease of RT with distance was found with the parabolic 
trend for number word distances, with longer reaction times for distance 4 compared to 
distance 3.  Distance 1 to 3 followed a decreasing trend with increasing distance. Such a 
“deviant” behaviour for the largest distance among the distances employed in an 
experiment was found in different studies. Van Opstal and colleagues replicated a 
significant distance effect and priming distance effect during single-digit number 
comparison. Although they found significant linear trends, distance 4 showed likewise 
longer reaction times compared to distance 3 (Van Opstal, Gevers, De Moor, & 
Verguts, 2008). 
Contrasting to our findings, where larger numbers caused higher error rates, 
Dehaene and other research groups observed different results (Dehaene et al., 1990; 
Verguts et al., 2005; Cantlon & Brannon, 2005). Double-digit magnitude comparison 
revealed in several experiments an asymmetry between larger and smaller responses. 
Close to the standard, smaller responses were slower than larger responses. It was 
argued that the asymmetry points towards a nonlinearity of the internal representation of 
magnitude. E.g. in a range from 11 to 99, 55 would be closer to 99 than to 11. Similar 
size effects were observed in double-digit magnitude judgment tasks, even with higher 
error rates for the smaller decisions (Verguts et al., 2005). Higher-order interactions, 
such as stimuli × distance × magnitude decision, revealed that the “reversed” effect was 
mainly triggered by the tonal tasks and barely by number words. This may be due to a 
general property of the human auditory system. Higher tones (larger decision) are more 
difficult to discriminate compared to lower tones (Spitzer, 2002).  
The three way interaction of stimuli× alignment× compatibility indicated a 
significant stimulus-response compatibility (SRC) effect for number words in both, 
horizontal and vertical alignments. For tones the SRC effect reached significance only 
in the vertical alignment. These findings were mirrored in the significant main effect of 
compatibility, showing a significantly more difficult incompatible condition compared 
to the compatible condition for number words and a similar numerical, but not 
 
Present study                                                                                                                 112 
 
 
 
significant trend for tones. This supported the hypothesis of the presence of a SNARC 
and a SMARC effect in this experiment. 
 The stimulus response compatibility (SRC) effect is defined as the degree of 
correspondence between the attributes of the stimulus and the attributes of its target 
response on concrete physical size and/or abstract conceptual dimensions (Fitts & 
Deininger, 1954; Kornblum et al., 1990). SRC tasks for numbers revealed shorter 
reaction times when stimuli and responses were compatible (small number and left 
responses; larger numbers and right responses), than when they were incompatible 
(small numbers and right responses; large numbers and left responses). This effect was 
termed SNARC effect (Dehaene et al., 1993; Hubbard, Piazza, Pinel, & Dehaene, 
2005). Nuerk and colleagues corroborated the SNARC effect being independent of 
number format or modality, written number words elicited similar effects (Nuerk et al., 
2005). We replicated the observations of Ito et al. (2004). They found that the SNARC 
effect is present for horizontal and also vertical alignment. Stimulus response 
compatibility was also found for pitch direction choice tasks, with response codes in a 
vertical and weaker in a horizontal alignment (MUDD, 1963; Rusconi et al., 2006; 
Walker et al., 2000). We replicated the findings of Rusconi et al. (2006). The authors 
showed in a pitch direction comparison task, that high pitches are faster responded to 
with the upper response button and lower pitches faster with the lower response button 
(compatible condition) compared to the incompatible condition (high pitch/low key, low 
pitch/upper key). Additionally, dissociations between the horizontal and vertical 
response alignment during pitch direction judgments were found. The compatibility 
effect was only significant for vertical alignment, whereas a significant distance effect 
was found in both alignments. 
The three-way interaction of compatibility × distance × magnitude decision of 
RT results confirmed, that the incompatible condition for number words and tones was 
more difficult compared to the compatible condition. In both conditions, but steeper in 
the incompatible condition, clearer distance effects for larger decisions were found. 
Thus, the most difficult condition (incompatible larger) revealed the most distinct 
distance effect.     
Finally, error rates were much higher on tones than on number words in the three 
way interaction of stimuli × compatibility × distance. This could be confirmed within 
the main effect of stimuli. Although, for RT results, number words and tones were 
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processed equally fast, the error analysis revealed higher error rates during tone 
comparison (mean error 23, 5 % for number words; 41, 6 % for tones). Further on, the 
three-way interaction showed distance effects solely for tones, resulting in a stronger 
distance effect for the incompatible condition compared to the compatible condition. 
Taken together, this pattern of findings indicates that the most difficult condition was 
the tonal incompatible larger decision.  
 
 
3.4.3 fMRI activations 
In order to corroborate the prediction of Walsh (Walsh, 2003) about a general 
magnitude system, we first discussed our data with respect to similarities between 
number words and tones within a conjunction analysis.   
The conjunction analysis of number words and tones showed activations in the 
left insula (BA 13), right superior temporal gyrus (BA 22) and left anterior inferior 
parietal lobule (BA 40). This supported the thesis of a convergence of number word and 
tone processing. Regarding the coordinates of the inferior parietal activations, they 
corresponded to the anterior part of the inferior parietal sulcus, which is known to be 
responsible for notation independent semantic representation of quantity. The inferior 
parietal sulcus was active whenever a comparative operation, which needed access to 
quantity information, had to be carried out (Dehaene et al., 2003). An interesting 
explanation for the left hemispheric anterior inferior parietal activations found in our 
study might be supplied by findings of Cohen and colleagues. They found 
interhemispheric differences for number processing and different input modalities in an 
fMRI study. They studied an attention task with same-quantity and different-quantity 
events. Each event had two stimuli, with either both Arabic numerals, number words or 
mixed formats. All three notations activated the left intraparietal lobule (IPL) during 
quantity adaptation. The right IPL only adapted to quantity when magnitude was 
presented using Arabic digits. Thus, the left IPL seemed to be notation independent. 
They concluded that the IPL contains an abstract representation of quantity independent 
of notation, possibly supported by additional left frontal areas and language related 
regions of the brain (Cohen et al., 2007). Further evidence came from language related 
studies. Hickok et al. (Hickok & Poeppel, 2000) claimed, that the left temporal-parietal-
occipital junction plays a role in interfacing sound-based representation of speech and 
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the semantic content of speech. As far as we used number words, the respective regions 
were probably needed for recognition of the word meaning, before processing as a 
number magnitude could be accomplished. Similar left inferior parietal activations were 
found with slightly different tonal tasks (Zatorre et al., 1994; Tramo et al., 2002; 
Bermudez et al., 2005a; Brown et al., 2007). Tramo and colleagues tested a patient 
suffering from great bilateral temporal, left inferior parietal and right fronto-parietal 
lesions. The patient had to perform “higher/lower” and “same/different” judgments on 
different tone pairs. The perception of pitch direction was much more impaired than the 
simple pitch discrimination task. This supports the thesis that pitch direction judgments 
need more converging information to be processed. The linkage between the magnitude 
of pitch and memory retrieval is required, associated with parietal and frontal functions 
(Tramo et al., 2002). That could have been the case in our study, since we used pitch 
direction judgment tasks. A different interesting study was carried out by Bermudez et 
al. (2005). They tested how training could change pitch perception patterns. Participants 
trained to attach to each of 4 chordal stimuli one of 4 numbers. They found strong 
bilateral middle frontal, right angular and left inferior parietal activations. The fact that 
participants had to associate numbers and tones might explain the large frontal and left 
inferior parietal activations. The authors assumed, that the parietal activations subserved 
response selection, as well as directed and intentional action initiating on number and 
tone processing. Thus, one can assume that the left anterior inferior parietal cortex 
functions as a multimodal association cortex, where convergence takes place between 
number word and tone processing.    
The above activations were mirrored in the main effect contrasts for number 
words and tones, for which only a few additional activations were found. For number 
words: left postcentral gyrus (BA 1, 2, 3), bilateral superior temporal (left BA 41, 42, 
right BA 22), right anterior cingulate (BA 32) and right lingual (BA 19) activations. The 
postcentral activations belonged to early processing stages of sensory information 
encoding and therefore might have been due to the somatosensory and tactile perception 
of finger movements during finger responses. The anterior cingulated gyrus is known to 
be involved in response selection and error detection tasks. Barch and colleagues (Barch 
et al., 2001) tested whether the ACC region (BA 32) is activated for different response 
modalities (e.g. vocal, manual) and/or processing domains (e.g. verbal and spatial) in a 
spatial Stroop task. Their results suggest that the anterior cingulated gyrus is responsive 
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to conflicts upcoming from manual and verbal response modality, as well as spatial and 
verbal processing (Botvinick, Cohen, & Carter, 2004). The anterior cingulated 
activations in the present study could have also been caused bei response conflict 
detection and -processing. Further evidence came from a meta-analysis of Ridderinkhof 
and colleagues (Ridderinkhof, Ullsperger, Crone, & Nieuwenhuis, 2004). The 
comparison of 38 human imaging studies implicated that the posterior middle frontal 
cortex, including the anterior cingulated gyrus, parts of the area 32, SMA and pre-SMA 
processes task conflicts (“conflict complex”), such as pre-response conflicts, decision 
uncertainty, response error or negative feedback. The reviewed studies used e.g. two-
alternative forced-choice tasks or tasks with abstract performance feedback. Overall the 
anterior cingulated gyrus seemed to be mainly activated during response error detection.   
For tones, in addition to the left anterior inferior parietal activations, the bilateral 
superior temporal (left BA 22, right BA 38), right superior frontal (BA 6) and left 
parahippocampal gyrus (BA 38/28) were found to be activated. No anterior cingulate 
gyrus activation was found, but superior frontal activations, which corresponded to the 
pre-supplementary motor area (pre-SMA, BA 6). According to the current knowledge 
about the middle frontal “conflict complex” described by Ridderinkhof and coworkers, 
the present activations in the pre-SMA could relate to pre-response conflict processing 
during pitch direction discrimination (Ridderinkhof et al., 2004). Moreover, it 
corresponded to our error results, in which tones had been more difficult than numbers. 
The parahippocampal gyrus might play a role in episodic memory of pitches, since 
participants had to remember the first tone (reference tone), or recall it during 
comparison with the new tone. Imaginable, that remembering the reference tone during 
the pitch judgement task is unfamiliar and thus more difficult than keeping a reference 
number in mind. Similar activations were found during comparison of the first and last 
tone of a tone-sequence (Zatorre et al., 1994). They claimed, that the parahippocampal 
activations were due to melodic memory processing, which could have been the case for 
our paradigm as well.  
The results of the contrasts number words/tones incompatible vs. baseline and 
number words/tones compatible vs. baseline were slightly different. As expected, both, 
the contrast numbers incompatible and numbers compatible did show activations in the 
left anterior inferior parietal lobule (BA 40). In the incompatible condition, additional 
activations of the right postcentral (BA 40), bilateral superior temporal gyrus (BA 41, 
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22), right Insula, left cingulated gyrus (BA 24) and left precentral gyrus (BA 6, 4) were 
recorded. These findings resembled those of the main effect contrast for numbers. We 
would again attribute the activations in area 24 and 6 to the “conflict managing 
complex” in the middle frontal cortex, whereby area 24 (cingulate cortex) mainly 
encoded response errors, while area 6 (pre-SMA) mainly processed pre-response 
conflicts (Ridderinkhof et al., 2004). The postcentral gyrus serves as a somatosensory 
perception area for finger responses (see above). The compatible condition of number 
words only showed similar activations in the bilateral superior temporal gyrus (BA 41, 
22). Thus, the incompatible condition revealed much more activations including 
“conflict” areas, which is in line with our RT results, where the incompatible condition 
had been more difficult than the compatible condition. In the incompatible and 
compatible contrasts for tones, the anterior inferior parietal activations (BA 40) were 
found bilaterally, probably because overall tones had been more difficult regarding the 
behavioural results.  In the incompatible condition, additional activations in the right 
postcentral (BA 40) and bilateral superior temporal gyrus (BA left 41, right 22) were 
found. As discussed above, the postcentral activations might have been due to the 
somatosensory and tactile perception of finger movements during finger responses. In 
the compatible condition, additional activations were found in the bilateral superior 
temporal gyrus (BA left 41, right 22). However, unexpected distinct additional 
activations were observed in the left postcentral gyrus (BA 3), superior frontal gyrus 
(BA 6), right lingual gyrus (BA 18) and left parahippocampal gyrus.  Although the 
observed activations are approximately similar to those found in the main contrast of 
tones, it remains unusual that the compatible condition elicited stronger activations than 
the incompatible condition. Both contrasts were collapsed over both alignment 
conditions. One interpretation for the tonal compatibility effect is, which was significant 
only in the vertical alignment, that during horizontal alignment the compatible finger 
assignment still evoked some automatic association but is unfamiliar and therefore 
stronger activations were needed. The horizontal incompatible assignment seemed to be 
completely incoherent (no automatic finger response location association) and therefore 
elicited less activation.   
As expected, in the contrasts number words > tones and tones > number words, 
stronger activations in the left anterior inferior parietal lobule (BA 40), anterior (BA 
32)- and cingulated gyrus (BA 24) were found for number words compared to tones. 
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The stronger, non-converging anterior inferior parietal activations were located in the 
very anterior part of the inferior parietal sulcus. They propably correspond to highly 
specialised areas, which represent abstract quantity of each single digit. In addition, the 
left postcentral (BA 5) and right superior temporal (BA 22) gyrus were activated. 
However, unexpected distinct additional activations were observed in the bilateral 
middle frontal (BA 6) and left superior frontal (BA 6) gyrus. Although they were much 
weaker as in the tonal contrast, we assign a role in additional response-conflict 
processing to these frontal activations (see below). Tones compared to number words 
showed again bilateral inferior parietal (BA 40), bilateral superior temporal (BA 41, 22) 
and right parahippocampal (BA 30) activations. Stronger bilateral middle frontal (BA 9, 
10, 11) and left inferior frontal (BA 47) activations were found compared to number 
words. We again affiliated the bilateral inferior parietal and stronger frontal activations 
to the fact that overall, tones had been more difficult as number words. Especially the 
strong middle frontal activations might reflect the response-decision conflicts during 
pitch discrimination tasks (Ridderinkhof et al., 2004). 
Stronger activations for the contrast number words incompatible > compatible 
than for the contrast number words compatible > incompatible were found in the 
bilateral anterior inferior parietal (BA 40), bilateral superior frontal (BA 6), bilateral 
middle frontal (BA 6), right inferior frontal (BA 47, 44), right posterior cingulate (BA 
23) and bilateral parahippocampal gyrus. This explains, that the frontal and cingulate 
activations of the contrast number words > tones belonged to the incompatible condition 
of number words. This and the fact that we found bilateral anterior inferior parietal 
activations supported the finding that the incompatible condition was more difficult as 
the compatible condition for number words. Additional activations came from the right 
inferior frontal region (BA 47, 44), which belonged to the Broca homologue and 
surrounding areas. Similar activations were found during tasks in which participants had 
to name silently visual-presented letters and/or build animal names with the given letter 
(Huang, Carr, & Cao, 2002). They referred to the Broca areal and Broca homologue the 
role of phonological processing for several internal uses, such as inner speech rather 
than simply speech production. Since most of our participants reported that they 
internally repeated the different condition instructions (left/down index finger: 
low/small or right/up middle finger: high/large or vice versa) during the sessions, this 
could be a suitable explanation. For the compatible condition, only more activations in 
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the bilateral postcentral (BA 1-3), bilateral superior temporal gyrus (BA 22), left middle 
temporal gyrus and weaker frontal, right cingulated (BA 32) and left parahippocampal 
activations were found. (See interpretations of these brain regions above.) For tones, the 
incompatible > compatible condition revealed as well stronger activations for the left 
anterior inferior parietal lobule (BA 40), left superior/middle frontal (BA 6) and left 
cingulate (BA 24, 32) gyrus. Whereas, again unexpectedly, the tone compatible 
condition showed stronger activations overall including regions like the right 
hemispheric inferior parietal lobule (BA 40), bilateral superior frontal gyrus (BA 6, 11), 
bilateral middle frontal gyrus (BA 6, 9, 10, 11), bilateral inferior frontal gyrus (BA 9, 
44, 47) and bilateral parahippocampal gyrus (BA 28, 35). We would again assign the 
unexpected activation pattern of tones compatible to the observation that for tones in the 
horizontal alignment, there was no or only a weak compatibility effect, see explanation 
above. The activations in area 47 and 44 might again reflect the Broca area/broca 
homologue and surrounding areas, encoding inner speech during silent instruction 
repetition. 
In line with the finding that small distances were more difficult to respond to as 
larger distances, stronger activations for the small distances on horizontal number words 
compared to larger distances were found in the bilateral inferior parietal cortex (BA 40), 
left postcentral (BA 40), bilateral superior frontal (BA left: 6, right: 6, 9 and 8), bilateral 
medial frontal (BA left: 6, 9, right: 10), bilateral precentral (BA right: 6, left: 4), right 
inferior frontal (BA 47, 45), bilateral superior temporal gyrus (BA right: 22, 13, left: 22, 
secondary maxima), left parahippocampal gyrus (BA 34, 37) and right lingual gyrus 
(BA 18). The activations found in the right inferior frontal region (BA 47, 45) belonged 
to the Broca homologue and surrounding areas, see explanation above. Irrespective, the 
most prominent activation complex was observed in the middle frontal and superior 
frontal areas, corresponding to the SMA and pre-SMA. The greatest cluster size was 
found in the BA 6, SMA (see explanation below). For larger distances, only left 
superior temporal (BA 29, 41), right Insula (BA 13), bilateral parahippocampal (BA 30) 
and left posterior cingulated gyrus (BA 29) were found. Similar posterior cingulated 
activations were found in a recognition task of familiar and unfamiliar voices (Shah et 
al., 2001). The bilateral posterior cingulated, including BA 29, was activated during 
perception of familiar voices and faces. They claimed that it functions as a multimodal 
region, which responds to familiar stimuli (familiarity checking). We assume, that, 
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because of the more common number words compared to pitches, such familiarity 
recognition was activated during number word processing. The contrast tones vertical 
distance small vs. baseline compared to the contrast tones vertical distance larger vs. 
baseline, revealed activations in the bilateral inferior parietal lobule (BA 40), bilateral 
middle frontal (BA 6,8,9), bilateral inferior frontal (BA left 47, right 45, 13), bilateral 
anterior cingulated gyrus (BA 32), right parahippocampal gyrus (BA 30), left superior 
temporal gyrus (BA 13), left Insula (BA 13), left temporal lobe (BA 20) and right 
middle temporal gyrus (BA 20). We would again assign the activations in area 47 and 
45 to the broca area and broca homologue, encoding inner speech during silent 
instruction repetition. Interestingly, again a large “conflict managing complex” was 
activated, this time including anterior cingulated activations. This again mirrored the RT 
results, where the distance effect had been more difficult during tonal tasks compared to 
number words. The greatest cluster size for tones was found in the pre-SMA (BA 6, 8). 
Larger distances had stronger activations only in the bilateral postcentral gyrus (BA 1 
and 3), right inferior parietal lobule (BA 40, secondary maxima) and bilateral superior 
temporal cortex (BA left: 22, 21, right: 22, secondary maxima). One possible 
explanation for the different superior frontal cluster peaks between number words 
(SMA) and tones (pre-SMA) came from Nakamura et al. (Nakamura, Sakai, & 
Hikosaka, 1998). They attributed a general role in initiating new or unknown responses 
to the pre-SMA, while pre-learned or well known responses were rather associated with 
the SMA. Therefore, it might be again a hint towards the finding that overall, the 
comparison of number magnitude was more common than the comparison of tones. The 
distance effect was much more reduced in the non-preferred orientation for number 
words (vertical) and the same for tones (horizontal orientation). 
 
 
3.5 General Discussion 
 
One of the central aims of this study was to elucidate how the brain compares 
and processes magnitudes. Walsh (2003) postulated a general magnitude system in the 
inferior parietal cortex, within which temporal, spatial and quantity information are 
processed concurrently. He reviewed different studies, in which connections between 
time and space, time and quantity and between number and space were observed. In 
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general this opens up the question whether the brain is organised in highly-specialized 
non-overlapping neuronal populations and to what extent highly interconnected brain 
systems exist. The SNARC effect and the distance effect are well established examples 
for the conjoint processing of numbers and space, subserved by the inferior intraparietal 
cortex (Dehaene et al., 2003). The question is, whether other stimuli or categories (like 
pitch) are similarly suitable for transformation into spatial scales. At the behavioural 
level, a similar connection between space and pitch height was found by Rusconi and 
colleagues (Rusconi et al., 2006). Pinel and colleagues observed anatomical differences 
depending on the task. The left anterior intraparietal cortex was sensitive for numerical 
distance and interacted with numerical size, while the posterior intraparietal cortex was 
only sensitive for distances of both, size and luminance (Pinel et al., 2004). 
 Thus, the aim of our study was to investigate whether convergent brain areas 
can be found for semantic judgments on number words and tones/pitch within the 
anterior inferior parietal cortex. With other words, whether we can support the idea of a 
general magnitude system within inferior parietal cortex (ATOM, Walsh, 2003). In the 
conjunction analysis, a converging brain area within the inferior parietal sulcus for 
number words and pitches was revealed. This area is located in the anterior part of the 
inferior parietal sulcus, a region originally known to be involved in semantic number 
magnitude processing (Dehaene et al., 2003). Our proposal is that this area hosts a 
general, modality independent network for semantic magnitude processing and short 
term memory, which provides the ability to map the semantic magnitude of distinct 
stimuli in a concurrent fashion. We examined auditorily presented number words and 
pitch directions. This parietal region probably functions as a higher order region, where 
language related, quantity and auditory input coincide and are processed according to 
their spatial, temporal and quantity features. 
Moreover, our behavioural data reveal basic similarities between number 
magnitudes and pitch processing. Both types of stimuli show distance effects in the 
horizontal and vertical alignment. The distance effect is a very robust effect, which has 
been replicated for numbers and tones before (Moyer & Landauer, 1967; Sekuler et al., 
1971; Walker et al., 2000; Rusconi et al., 2006). The original interpretation of the 
distance effect was that numbers are represented on a mental continuum (mental number 
line) and that the comparison of numbers is processed on an analogically encoded 
representation (Dehaene et al., 2003). Our findings suggest that both, number words and 
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pitch are mentally aligned on such a continuum (“flexible mental line”) and can be 
compared according to their distances on the continuum (for different stimuli see also 
Pinel et al., 2004).  
The preferred alignment of the continuum seems to be different for number 
words and tones. The optimal alignment for tones is the vertical alignment, whereas 
number words are less confined to a specific alignment. This assumption is mirrored in 
the compatibility effect, which indicates the dimension of the automatic association 
between response hand and response location (Dehaene et al., 1993). The weaker the 
automatic association (familiarity of the task/stimuli), the smaller is the effect during 
incompatible mapping.  On the basis of this claim, response hand/location-association 
seems to be completely incoherent (no compatibility effect) for tones during horizontal 
alignment. In the vertical alignment, high tones are automatically located higher in 
space compared to low pitches, which are located lower in space. Number words reveal 
significant compatibility effects in both alignments, because the internal representation 
of number magnitude seems to be associated with the spatial location of response, but 
not with a corresponding physical dimension. Thus, our behavioural data support the 
assumption that both stimulus types are spatially scaled and probably rely on the same 
functional framework.  
Although we observed similarities between numbers and tones, also differences 
were detected. With the direct comparison of the activation seen after presentation of 
number words vs. tones, we observed that only for number words additional, non-
converging anterior inferior parietal areas remaine activated. This region is located in 
the very anterior part of the inferior parietal sulcus, near the postcentral-parietal 
transition. One explanation might be that additional highly specialised, non-overlapping 
neuronal areas exist, which represent abstract quantity of each single digit and which are 
probably lying adjacent to those, where convergence with space and time information 
takes place. The vicinity to the postcentral gyrus might reflect the strong relation of 
small quantities/numerosities with fingers and finger movements. In contrast to number 
words, tones reveal no additional parietal activations, but frontal activations remain 
activated. This pattern seems plausible, because we know, that pitch judgment tasks are 
more difficult and less familiar than number word comparisons. Despite the fact that 
pitch discrimination is the more unfamiliar task during daily life, stronger decision 
conflicts and higher error rates are predictable (mean error/tones: 41, 6%; mean 
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error/number words: 23, 5%). Thus, according to our findings, we assume that in the 
anterior inferior parietal cortex, both, a number specific quantity representation and a 
stimulus unspecific magnitude system exist, representing spatial pitch hight and 
temporal information.  
A secondary aim of our study was to examine which areas are activated during 
task conflict processing. There are several studies referring this role to the SMA, pre-
SMA and anterior cingulated cortex, but clear distinctions between them remained open 
(Barch et al., 2001; Botvinick et al., 2004). One interesting investigation was made by 
Ridderinkhof and colleagues. They tested how the middle frontal cortex is involved in 
cognitive control functions. The anterior cingulate cortex seemed mainly responsible for 
response error detection, while the SMA and pre-SMA were activated during pre-
response conflicts and decision uncertainty (Ridderinkhof et al., 2004). For both number 
words and tones we observed activations in the SMA, pre-SMA and ACC. For numbers 
a clear dissociation between compatible and incompatible mapping is visible. The 
“conflict areas” are mainly activated during the incompatible mapping. Although we 
expect the same pattern for tones, somewhat surprisingly, more frontal activations 
during the compatible mapping are observed during tonal tasks. Probably, we can 
attribute this to the weaker compatibility effect for tones, which has been significant 
only in the vertical alignment. This is not the case for the distance contrasts. Frontal 
“conflict areas”are predominantly activated during the “smaller distances contrast” for 
both, number words and tones. Here, we can observe an interesting difference between 
tones and number words. For tones, the main activations are located in the pre-SMA 
and for number words in the SMA. According to the fact that tones are more error prone 
than number words, one explanation might be, that more unfamiliar stimuli (such as 
tones) require processing by the pre-SMA and pre-learned, well known responses 
(number words) by the SMA (see also Nakamura et al., 1998). Thus, we could support 
the view that during comparative judgments on number words and tones, decision 
conflict processing for more difficult conditions, such as incompatible mapping or 
smaller distances, activates frontal conflict areas. In particular, our results suggest a 
predominant processing of unfamiliar/infrequent tasks in the pre-SMA and common 
tasks in the SMA.  
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Conclusion  
 
Are stimuli with a similar abstract basic-structure processed by converging 
functional mechanisms? That is one of the central questions we tried to answer with the 
present study. In fact, we found convergent brain areas for semantic magnitude 
judgments on number words and pitch within the anterior inferior parietal cortex. This 
result support the idea of a general magnitude system within the inferior parietal cortex 
(ATOM, Walsh, 2003). Such an abstract magnitude representation might be subserved 
by this tertiary association area, which integrates the processing of multiple unimodal 
and multimodal stimuli in primary and secondary areas (Mesulam, 1998).  
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5. Appendix 
 
5.1 Participant list  
 
men/ 
woman age 
healthy 
audition 
no instrument  
> 4years 
capable to read 
notes? profession 
native 
language 
healthy hand 
motoricity 
handed 
-ness 
m 29 blande yes a little psychologie german yes ri 
m 27 blande yes no medicine german yes ri 
m 25 blande yes no medicine german yes ri 
m 22 blande yes no medicine german yes ri 
m 29 blande yes no medicine german yes ri 
m 29 blande yes no medicine german yes ri 
m 25 blande yes no medicine german yes ri 
m 25 blande yes no medicine german yes ri 
m 27 blande yes no medicine german yes ri 
m 24 blande yes no medicine german yes ri 
m 25 blande yes no medicine german yes ri 
m 24 blande yes no medicine german yes ri 
m 26 blande yes no medicine german yes ri 
m 21 blande yes no medicine german yes ri 
m 25 blande yes no medicine german yes ri 
m 26 blande yes no medicine german yes ri 
 
 
5.2 Questions/Instruction 
 
5.2.1 Selection criteria 
1. age in between 20 to 30 years 
2. no instrument played for longer than 4 years 
3. not capable to read musical notes 
4. native language: German 
5. right handedness 
6. healthy hand-motoricity   
 
 
5.2.2 Instruction before and in between the experiment 
Instruction before scanning 
„the experiment consists of four sessions, it will last about 40 minutes. After half of the 
experiment, we will change your arm position. Finally, we will run an anatomy scan 
over 17 minutes”.  
“Please avoid all body movements, respond as fast and as accurate as you can and fixate 
the central hashmark over the whole time”. 
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“There will be different blocks with tones or number words. This time, we will start 
with tones/number words. You will hear a reference tone/number first and after that a 
new tone/number. You have to decide, whether the new tone/number is higher/larger or 
lower/smaller than the reference tone/number word. You respond to a lower/smaller 
tone/number word with the index finger and to a higher/larger tone/number word with 
the middle finger” (e.g. compatible condition). 
“Before every block, there will be an instruction with the following stimuli type 
(number words or tones) and finger assignment (compatible: lower/smaller = right; 
higher/larger = left or incompatible: lower/smaller = left/up; higher/larger = 
right/down)”. 
 
Between two sessions 
„ There will be another few blocks. This time, we will start with tones/number words. 
The task will be the same as before, only the finger assignment will be changed. You 
respond to a lower/smaller tone/number word with the middle finger and to a 
higher/larger tone/number word with the index finger” (e. g. incompatible condition) 
“The instructions will be the same as before.” 
 
Before anatomy scanning 
“There is nothing to do during the anatomy scan, just relax and close your eyes, but 
please do not move”. 
 
 
5.2.3 Questions after the experiment 
1. How was the task, rather difficult or easy? 
2. Was there a difference in difficulty between number words and tones?  
3. Did you imagine something during the task (e.g. inner visualisation, inner speech)? 
4. Did you use any strategies to remember the finger assignment?  
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5.3 Stimuli and fMRI outputs 
 
5.3.1 Example of our stimuli 
 
5.3.1.1 Stimuli 
 
                                Number words                                           Tones 
                                       “one”                                                    “E3” 
                                       “two”                                                   “#F3”  
                                     “three”                                                   “#G3”                            
   Ref.                           “four”                                                    “#A3”                         Ref. 
  “five”                          “six”                                                     “D4”                          “C4” 
                                     “seven”                                                   “E4” 
                                      “eight”                                                  “#F4” 
                                      “nine”                                                   “#G4” 
 
 
5.3.1.2 Conditions 
 
Compatibility  
  compatible      incompatible   
reference new stimuli 
response 
finger  reference new stimuli 
response 
finger 
"five"/"C4" "one"/"E3" index finger  "five"/"C4" "one"/"E3" middle finger 
"five"/"C4" "two"/"#F3" index finger  "five"/"C4" "two"/"#F3" middle finger 
"five"/"C4" "three"/"#G" index finger  "five"/"C4" "three"/"#G" middle finger 
"five"/"C4" "four"/"#A3" index finger  "five"/"C4" "four"/"#A3" middle finger 
"five"/"C4" "six"/"D4" middle finger  "five"/"C4" "six"/"D4" index finger 
"five"/"C4" "seven"/"E4" middle finger  "five"/"C4" "seven"/"E4" index finger 
"five"/"C4" "eight"/"#F" middle finger  "five"/"C4" "eight"/"#F4" index finger 
"five"/"C4" "nine"/"#G4" middle finger  "five"/"C4" "nine"/"#G4" index finger 
 
Distance 
reference new stimuli 
type  
of distance 
"five"/"C4" "three"/"#G3" small 
"five"/"C4" "four"/"#A3" " 
"five"/"C4" "six"/"D4" " 
"five"/"C4" "seven"/"E4" " 
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"five"/"C4" "one"/"E3" large 
"five"/"C4" "two"/"#F3" " 
"five"/"C4" "eight"/"#F4" " 
"five"/"C4" "nine"/"#G4" " 
 
Alignment 
reference new stimuli 
response 
finger compatibility alignment 
"five"/"C4" "one"/"E3" index finger compatible horizontal 
"five"/"C4" "two"/"#F3" index finger   " 
"five"/"C4" "three"/"#G3" index finger   " 
"five"/"C4" "four"/"#A3" index finger   " 
"five"/"C4" "six"/"D4" middle finger   " 
"five"/"C4" "seven"/"E4" middle finger   " 
"five"/"C4" "eight"/"#F4" middle finger   " 
"five"/"C4" "nine"/"#G4" middle finger   " 
"five"/"C4" "one"/"E3" middle finger incompatible horizontal 
"five"/"C4" "two"/"#F3" middle finger   " 
"five"/"C4" "three"/"#G3" middle finger   " 
"five"/"C4" "four"/"#A3" middle finger   " 
"five"/"C4" "six"/"D4" index finger   " 
"five"/"C4" "seven"/"E4" index finger   " 
"five"/"C4" "eight"/"#F4" index finger   " 
"five"/"C4" "nine"/"#G4" index finger   " 
"five"/"C4" "one"/"E3" index finger compatible vertical 
"five"/"C4" "two"/"#F3" index finger   " 
"five"/"C4" "three"/"#G3" index finger   " 
"five"/"C4" "four"/"#A3" index finger   " 
"five"/"C4" "six"/"D4" middle finger   " 
"five"/"C4" "seven"/"E4" middle finger   " 
"five"/"C4" "eight"/"#F4" middle finger   " 
"five"/"C4" "nine"/"#G4" middle finger   " 
"five"/"C4" "one"/"E3" middle finger incompatible vertical 
"five"/"C4" "two"/"#F3" middle finger   " 
"five"/"C4" "three"/"#G3" middle finger   " 
"five"/"C4" "four"/"#A3" middle finger   " 
"five"/"C4" "six"/"D4" index finger   " 
"five"/"C4" "seven"/"E4" index finger   " 
"five"/"C4" "eight"/"#F4" index finger   " 
"five"/"C4" "nine"/"#G4" index finger   " 
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5.3.2 fMRI consent form 
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5.3.3 Questions to find the prefered hand  
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5.3.4 SPM outputs: tables and contrasts 
 
Table/Image 6.1 Contrast number words 
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Table/Image 6.2 Contrast tones 
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Table/Image 6.3 Contrast number words > tones 
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Table/Image 6.4 Contrast tones > number words 
 
 
 
 
Appendix                                                                                                                       162 
 
 
 
 
 
 
Appendix                                                                                                                       163 
 
 
 
 
 
 
 
 
 
 
 
Appendix                                                                                                                       164 
 
 
 
Table/Image 6.5 Contrast number words incompatible 
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Table/Image 6.6 Contrast number words compatible 
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Table/Image 6.7 Contrast tones incompatible 
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Table/Image 6.8 Contrast tones compatible 
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Table/Image 6.9 Contrast number words incompatible versus number words 
compatible 
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Table/Image 6.10 Contrast number words compatible versus number words 
incompatible 
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Table/Image 6.11 Contrast tones incompatible versus tones compatible 
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Table/Image 6.12 Contrast tones compatible versus tones incompatible 
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Table/Image 6.13 Contrast number words horizontal distance small 
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Table/Image 6.14 Contrast number words horizontal distance larger 
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Table/Image 6.15 Contrast tones vertical distance small 
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Table/Image 6.16 Contrast tones vertical distance larger 
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Table/Image 6.17 Contrast conjunction of number words ∩ tones 
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Table/Image 6.18 Contrast conjunction of number words incompatible ∩ tones 
incompatible 
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Table/Image 6.19 Contrast conjunction of number words compatible ∩ tones 
compatible 
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